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Abstract

The Michaelis-Menten scheme has played a central role in our understanding of bio-
chemical processes. It has long been understood how this scheme can be used to approxi-
mate the dynamics of irreversible enzymatic reactions. However, a similar approximation
in the case of networks, where the product of one reaction can act as an enzyme in another,
has not been fully developed. In this thesis such an approximation is developed for a class
of coupled enzymatic networks where the individual interactions are of Michaelis-Menten
type. In addition, sufficient conditions for the validity of the total Quasi-Steady State
Assumption (tQSSA), obtained in a single protein case by Borghans, de Boer, and Segel
are extended to sufficient conditions that guarantee the validity of the tQSSA for a large
class of enzymatic networks. The resulting reduced equations approximate a network’s
dynamics and involve only protein concentrations. This significantly reduces the number
of equations necessary to model such systems. The validity of this approximation is proved
using geometric singular perturbation theory and results about matrix differentiation. The
ideas used in deriving the approximating equations are quite general, and can be used to
systematize other model reductions.

This thesis also examines a particular class of non-linear dynamical systems that ap-
pear frequently as models of biological networks. The non-linearity in these systems model
the interaction of network elements and take the form of sigmoidal functions. It is shown
that, in certain limits, these equations can be approximated by piecewise linear dynamical
systems. These approximations are naturally determined by the structure of the origi-
nal system and can again be justified using geometric singular perturbation theory. The
validity of both reductions is demonstrated in a number of biologically inspired example

networks.
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Chapter

Introduction and motivation

Biology is increasingly being viewed by mathematicians as a new playground, a new field to
explore. Advances in experimental technologies allow for the acquisition of large amounts
of data describing numerous aspects of different organisms. These data suggest that to
describe even a tiny living cell, we need enormous amounts of information. Mathematics has
helped us understand the structure and function of the interacting processes within a cell.
Mathematicians have also gained significantly from their interactions with biologists. Many
biological phenomena could not be described neatly by existing mathematical theories. This
lead to the development of new branches of mathematics. Biology therefore, has taken the

role played by physics a century ago [1].

The broad aim for mathematicians would be to build a connection between the known
laws of physics and biological observations. We are far away from this goal presently,
and it may not be achievable if taken in a literal sense. However, a lot of work has been
done to allow us to ask questions relevant to biology so that they can be addressed using

mathematical techniques. In the words of Uri Alon “observing the activities in a living



cell is like watching a dance. Proteins, enzymes, genes, etc, assemble together when they
are needed; they perform their job with utmost efficiency in presence of cellular noise, and
when their work is done they so effortlessly disassemble or inactivate or get busy in some
other job” [2]. Nontrivial theories are required to explain these phenomena. How do cells
function in the way they do? Is their action efficient? How do they manage to overcome
the noise that accompany all the processes within a cell? How does information get passed

between cells and generations? The list of questions goes on.

This thesis is a modest attempt to further develop the mathematical theories used for
understanding cell mechanism. One such theory investigates so called Molecular Interaction
Networks. This theory assumes that cells can be described as containers full of fluid.
Biomolecules like proteins, enzymes, etc., are tiny particles floating in this liquid body.
The behavior of the cell can then be studied by modeling the outcome of collisions between
these molecules. If one wants to understand the function of proteins and enzymes in the
life span of the cell then one needs to study their interactions, and hence the importance

of Protein Interaction Networks (PIN).

Depending on the question, one uses different types of mathematical tools to analyze
models of PINs. For example, an ideal aim of a study of PINs (or in fact any Molecular
Interaction Network) would be to come up with a description of the position of each and
every molecule at any given time. Considering the fact that even a single gram of any

substance contains on the order of 1023 molecules, this goal is clearly not achievable.

A simpler question is to describe the behavior of certain averages for the different
types of molecules in the system. Assuming that for all the collisions between two types
of molecules, a given percentage will lead to a new product, assuming that temperature,

volume and pressure remain constant, the chemical species are well mixed, then one can



write an ordinary differential equation whose solution will be the probability distribution
describing the populations of the different molecules involved. This differential equation is
known as Chemical Master Equation (CME) [19, 29]. However, the CME is very cumber-
some to use because for most practical purposes it turns out to be infinite dimensional. Its
analytical solutions are known only for very few simple reactions [12,34,39]. In general,
the CME can only be solved through simulation algorithms like the Stochastic Simulation
Algorithm (SSA) [20,29] and its variants the slow scale Stochastic Simulation Algorithm
(ssSSA) [4,8,56]; and the nested Stochastic Simulation Algorithm (nSSA) [70]. Approxi-

mating the CME by lower dimensional systems is a subject of active research [27, 41,45, 53].

Another common method to study chemical reactions is through mass action kinetics.
If sufficiently large numbers of molecules are present, it is possible to obtain much simpler
differential equation to approximate the population of various kinds of molecules with high
accuracy. This set of differential equations are related to the set of chemical reactions
through the Law of Mass Action [68,69]. This law can be applied to obtain an ODE
model directly from the list of reactants and products involved, and a list of possible
reactions. Theoretically, this differential equation can be derived, under the assumption of
the existence of the “macroscopic infinitesimal”, as the mean behavior of the probability
distribution guaranteed by the CME [21,29]. However, the history of the Law of Mass
Action is much older than the CME, as chemists have been using it for more than a

hundred years [30, 68, 69]

Although the assumptions that allow for a theoretical justification of the Law of Mass
Action are quite stringent, experimental data suggest that even in the noisy, nonhomo-
geneous environment of living cells the Law of Mass Action may do a decent job in de-

scribing the population of chemical species [16,44,63]. Encouraged by the experimental



results and tempted by the relative simplicity of the resulting equations, extensive research
has been done on the analysis of the models of PINs obtained from the Law of Mass

Action [11,25,51,64).

We will focus on one class of such PINs. It is believed that proteins regulate the
activity of each other through activation or inhibition. Such interactions are believed to
be much cheaper than producing a protein from scratch when it is needed and destroying
it when its job is done [2]. The chief feature of the PIN we consider is that proteins and
enzymes activate and deactivate each other through a scheme which is popularly known
as the Michaelis-Menten (MM) reaction, named after Leonor Michaelis and Maud Menten
(1913) [7,43]. In this reaction an enzyme, F, reacts with a protein, X, resulting in an
intermediate complex, C. In turn, this complex dissociates into an “active” product, X*,
and the enzyme E. It is frequently assumed that the formation of C' is reversible while its

dissociation is not [7,43, 46].
k
X+EECEXHE. (1)
-1

The MM reaction became popular because of its simplicity and effective explanation of the
activation and inhibition relations among proteins. In a paper by Goldbeter and Koshland
in 1982, it was shown that, when the total enzyme concentration is much smaller than the
total substrate concentration in reaction (1), the substrate concentration can be modeled by
a particular type of differential equation which is commonly known as the MM differential
equation [11,24,52]. The MM differential equation can be obtained in the following way:
If we apply the Law of Mass Action on reaction (1) then, using some natural constraints,

one gets a system of two dimensional autonomous differential equation, say

dX ac
E - f(X7 C) and E - g(Xv C)

The MM differential equation is obtained by replacing the time derivative of C with zero,

4



leading to an algebraic equation for C, i.e. 0 = g(X, C). Solving this equation for C' as a
function of X, say C' = h(X), and plugging this solution into the differential equation for

X we get
8 = FX b)),

The assumption that some of the variables are in steady state, or, equivalently, the
replacement of the derivative of some of variables with zero, is known as the Quasi-Steady
State Assumption (QSSA). In the preceding example, the variable C is in quasi-steady state
with respect to the variable X. The intuitive idea is that before X changes appreciably,
C changes fast and equilibrates. The QSSA therefore posits that, if in the dynamical

system, variables change in very different time scales, then the system can be simplified by

assuming that the fast variables will reach a “local” steady state instantaneously.

Extensive research has been done to study the mathematical logic behind the QSSA.
Heuristic self consistent arguments [6], as well as rigorous theories involving monotone
dynamical systems have been used in the analysis [48]. The most common and intuitive
approach to the problem is through the use of the Geometric Singular Perturbation Theory
(GSPT) [15]. Several application of the GSPT to explain the QSSA exist in the litera-
ture [28,59,62]. As the GSPT plays a central role behind the mathematics of this thesis,

it has been reviewed in the first chapter.

The simplicity of the MM reactions and the MM differential equations prompted their
use in systems where MM reactions are not isolated, but embedded in a larger set of

reactions. Such a system would be obtained if, for example, a reaction like

k
E+Y 2 M E, +Y

k_3

is coupled with reaction (1). However, the mathematical basis for the QSSA, which was

needed to derive the MM differential equation, only existed for an isolated MM reaction.



To the best of our knowledge, no theory exists to justify the use of the MM differential
equations in a general system of coupled MM reactions. A large part of this thesis consists
of a theoretical justification of something similar to QSSA, which is valid for systems of

coupled Michaelis-Menten reactions.

The asymptotic limits, under which QSSA can be assumed on a MM reaction, does
not make sense if we have several simultaneous MM reactions in the system, and the
protein of one MM reaction is behaving like the enzyme for some other reaction. To justify
the QSSA for such a system we will need the proteins to be present in both large and
small amount at the same time, which is obviously absurd [11]. To remedy this situation,
other versions of the QSSA were proposed. (Recall that in the original derivation of MM
differential equation the intermediate complex C' was assumed to be in steady state.) Segel
and Slemrod proposed reverse QSSA (rQSSA) where the substrate X was assumed to be
in steady state [59]. However, we are not aware of any study which attempts to extend the

rQSSA to a system of MM reactions.

Another version of QSSA, which is of particular interest to us, is the total QSSA
(tQSSA), proposed by Borghans, et al. in 1996 [6] and later refined by Tzafriri in 2003 [65].
The tQSSA posits that the sum of substrate and the intermediate complex, X + C, is in
steady state. In a recent paper by Ciliberto, et al. an extension of tQSSA was defined for
a system of MM reactions [11]. They also presented simulation results which suggest that
tQSSA might be a very good tool to simplify the dynamical systems in a system of coupled

MM reactions.

This brings us to our main contribution in the field of PINs. In this thesis we have
proved that, the asymptotic limit which implies tQSSA, as obtained by Borghans, et al.

in [6] for the isolated MM reaction (1), can be extended to a system of such reactions.



Thus we provide theoretical explanation of the simulation result obtained by Ciliberto, et
al. [11]; also extending significantly the results of Pedersen, et al. [51], who have obtained
results regarding the validity of the tQSSA for a system of two MM reactions. In addition
to that, we have noted that direct use tQSSA leads to an algebraic system of coupled
quadratic equation which can be difficult to solve. We discuss a method to circumvent this

problem.

Closely connected to the PINs are gene interaction networks. As the name suggests,
these network model the expression of gene and their interactions within the cells. Typically
one does not use the Law of Mass Action to model this network. The main reason could
be that the list of reactions are not known in enough detail. Another reason could be
that the copies of gene are not believed to be present in large enough number. The
differential equation models one sees in literature are typically custom made to fit the data.
It is widely believed that gene activity can be approximated by Boolean variables, they
are either ON or OFF. To model this switch like behavior, Hill functions i.e., functions
of type f(z) := z"/(z™ + J"), where n is the Hill coefficient and J is the threshold,
appear more than often in the equations [2, 13, 23,40, 49, 50, 64]. The problem with the Hill
functions are that they produce highly non-linear differential equations. Several theories
exist to approximate these non-linear differential equations with piecewise-linear differential
equations [9,22,33,54,55]. The general argument in these studies is that, in the limit
of large Hill coefficient, near the threshold, the non-linear differential equation can be
decomposed into fast and slow variables. Then, using the GSPT one gets a reduced

system which turns out to be linear.

In the last chapter of this thesis we will re-investigate the non-linearity induced by the

Hill functions and will introduce a class of differential equations, which can be approximated



by a piecewise-linear system. Furthermore, we will see that this reduction is independent
of the Hill coefficient but rather depends on the threshold size. In particular, our linear

approximation will be derived in the asymptotic limit of small threshold.

Outline of the thesis:

This thesis is organized as follows: In Chapter 1 we review the basics of the GSPT. This
theory is the mathematical backbone of the results discussed in this report. In this chapter
we also discuss MM reactions, the meaning of QSSA and its justification using the GSPT,

in detail.

Chapters 2—4 contains our work on PINs. In Chapter 2, the notion of tQSSA for a
single MM reaction is introduced. Various different arguments in support of the tQSSA
have been reviewed. Merits of these arguments have also been discussed. This chapter
also includes a novel justification of the tQSSA for a single MM reaction. In Chapter 3,
a general class of coupled MM reaction is described. The notion of the tQSSA for this
reaction system has been introduced. The problem of coupled quadratic equation by direct
application of the tQSSA and a method to get out of that problem has been discussed. In
Chapter 4, we describe how we can extend the justification of the tQSSA from one MM

reaction to the system of coupled MM reactions.

Chapter 5 discusses our results on linear approximations of the differential equations

involving Hill functions. This chapter is essentially independent from Chapter 2—4.

Brief notes on necessary technicalities like the Law of Mass Action, “differentiation
with respect to a matrix variable” have been provided in the appendix. The appendix also
includes some of our other purely mathematical results, which we discovered in the course
of our investigation. These results, however, do not necessarily contribute to the topics in

the main chapters.



Chapter

Geometric Singular Perturbation Theory

(GSPT)

In this chapter I will review the basics of Geometric Singular Perturbation Theory (GSPT)
and present the main theorems along with their interpretations. For the proofs of these
theorems and more detailed expositions on the GSPT, the reader may consult [15, 28, 35, 36,
71] and references therein. In the last section of this chapter I will provide an application of
this theory to obtain a rigorous justification of the Quasi-Steady State Assumption (QSSA)

in a system of two coupled Michaelis-Menten reactions.



1.1. THREE MAIN THEOREMS OF THE GSPT

1.1 Three main theorems of the GSPT

Consider a system of ordinary differential equation of the form

E = g(u7v) 6)7 U(O) = Yo,
e% = f(u,v,¢), u(0) = uo, (1.1)

where u € R¥ and v € R! with k,1 > 1; and ug € R* and vy € R are the initial values. The
parameter € is small and positive (0 < € < 1). The right hand side functions f and g are

smooth functions such that f(u,v,0) # 0, g(u,v,0) # 0, and lim._,o €g(u, v,€) = 0.

The following three theorems, due to Fenichel, say that we can say much about Eq. (1.1)

just by studying it in the limiting case of ¢ = 0.

Theorem 1.1 (Fenichel [15]) Suppose Mg C {(u,v) € REF|f(u,v,0) = 0} is compact,
possibly with boundary, and normally hyperbolic, that is, the eigenvalues \; of the Jacobian
%(u,v,OﬂMo all satisfy Re(\;) # 0. Suppose f and g are smooth. Then for sufficiently
small € > 0, there exist a manifold M., O(e) close and diffeomorphic to My that is locally

invariant under the flow of the system (1.1).

For system (1.1), for ¢ = 0, suppose that the normally hyperbolic manifold My C
{(u,v) € R¥|f(u,v,0) = 0} has an | + m dimensional stable manifold W*(M) and an
[ + n dimensional unstable manifold W*(M), with m 4+ n = k. In other words, suppose
that the Jacobian %(u, v,0)|pm, has m eigenvalues \; with Re()\;) < 0 and n eigenvalues

u

Aj with Re(\;) > 0. Then we have the Fenichel’s second theorem.

Theorem 1.2 (Fenichel [15]) Suppose Mo C {(u,v) € RE*!|f(u,v,0) = 0} is compact,

possibly with boundary, and normally hyperbolic, that is, the eigenvalues \; of the Jacobian

10



1.1. THREE MAIN THEOREMS OF THE GSPT

%(U,U,OMMO all satisfy Re(\;) # 0. Suppose f and g are smooth. Then for sufficiently

small € > 0, there exist manifolds W*(M) and W*(M.) that are O(e) close and diffeo-
morphic to W*(Mg) and W*(My), respectively, and that are locally invariant under the

flow of the system (1.1).

Let z - t denote the new point under the flow, described by Eq. (1.1), after time ¢,
starting from the initial value x. Also, let A be a neighborhood of M., and for all V C A

define

Voat:={x-t|zeVand z-[0,t] C A}.
The third theorem is the following.

Theorem 1.3 (Fenichel [15]) Suppose Mo C {(u,v) € RFF!|f(u,v,0) = 0} is compact,
possibly with boundary, and normally hyperbolic and suppose f and g are smooth. Then
for every ve € M, 0 < € < 1, there exist manifolds W*(v.) C W*(M,) and W"(v.) C
W™ M) that are O(e) close and diffeomorphic to W*(vg) and W"(vy), respectively. The

families {W*"*(ve) | ve € M} are invariant in the sense that

W2 (ve) At CW?(veat) if ve-r € Afor all r € [0,t], and

W (ve) At CW(ve -at) if ve -7 € A for all r € [, 0].

Interpretation of the above theorems

The basic ideas behind these theorems can be illustrated by assuming, for simplicity, that

My = {(u,v) e R¥¥) f(u,v,0) = 0},

11



1.1. THREE MAIN THEOREMS OF THE GSPT

and Mg is normally hyperbolic and stable, that is, the eigenvalues \; of the Jacobian

%(u, v,0)| pm, all satisfy Re(A;) < 0. Then, for e sufficiently small, the solutions of Eq. (1.1)

follow an initial transient, which can be approximated by

dv

== 0, v(0) = vy,

du

T = f(u,v,0), u(0) = uyp, (1.2a)

where ¢t = es. After this transient, the solutions are O(e) close to the solutions of the

reduced differential-algebraic system

% = g(U,U,O), U(O) = Yo,
0= f(u,v,0). (1.2b)

More precisely there is an invariant, slow manifold M., O(e) close to My. Solutions of
Eq. (1.1) are attracted to M exponentially fast, and can be approximated by concatenating
the fast transient described by Eq. (1.2a), and the solution of the reduced Eq. (1.2b) (see

Fig (1.1) for an illustrative example).

The slow manifold, My, consists of the fixed points of Eq. (1.2a). The condition that
the eigenvalues, \;, of the Jacobian g—q{(u, v,0)|am, all satisfy Re();) < 0 implies that these

fixed points are stable .

Note that v is constant in Eq. (1.2a) and only changes in Eq. (1.2b). Another way of
saying the same thing would be that v only changes on the time scale ¢ and is essentially
constant on the time scale s. Furthermore, u is an independent variable on the time scale
s but in the time scale ¢, it plays an indirect role (because, in principle, 0 = f(u,v,0) can
be solved for u and plugged into g(u,v,0) to make Eq. (1.2b) a closed form equation in
v only). This difference between the time scales in which u and v change is also loosely

referred as existence of separation of time scales. In the beginning v stays approximately

12
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THREE MAIN THEOREMS OF THE GSPT

constant while u is changing, and later u stops playing an explicit role in the dynamics,

and v starts changing on the slower time scale t. Because of this separation, I will refer to

fﬁ«—«e—,—— R
06
Yy
04
02
0
0 02 04 0.6 08
X
Figure 1.1: The solid line represents the exact solution of the system €92 = —(z —¢), % = —y,

with € = 0.03 and the initial value (the little cirle at top-right corner) z(0) = 1,y(0) = 0.8
. Here Mo := {(z,y) |z = 0} and M. := {(z,y) |z = €} (the vertical dotted-dashed line).

The horizontal dashed line represents the solution of ‘;—ﬁ = —z, % = 0, with initial value
2(0) = 1,y(0) = 0.8. The vertical dotted line on y axis beginning at the solid dot and ending at
the origin represents the soltuion of the system 0 = —zx, % = —y, initial value y(0) = 0.8 . The

triple arrow denotes fast dynamics because those are on the time scale s = t/e.

u as the fast variable and v as the slow variable.

icant effort can go into the search for a proper change or scaling of coordinates so that the
given equation take the form of Eq. (1.1). There are frequently no exact rules to obtain
such scalings, and the work may involve calculated guesses. However, finding such a scaling

is half the job. The other half of the effort goes into verifying that the manifold My is

In applications, dynamical system do not in general have the form of Eq. (1.1). Signif-

normally hyperbolic and stable.

In the next section we will see how the GSPT can be used to get a rigorous justification

of the QSSA in a system of two coupled Michaelis Menten reactions.

13



1.2. EXAMPLE APPLICATION

1.2 Example application

Derivation of Michaelis Menten (MM) type differential equation

The Michaelis-Menten (MM) scheme is a fundamental building block of many models of
protein interactions [7,43]. The following diagram represents two MM reactions working
in opposite directions. One contributes to the activation of a protein while the other works
towards deactivation.

X+E;—>_1XE£>XP+E, Xp+F;—>_3XpF£>X+F. (1.3)

1 -3

The symbols X and X, represent unphosphorylated and phosphorylated proteins; and E
and F represent the enzymes participating in the phosphorylation and dephosphorylation
processes, respectively. In the first reaction, the substrate, X, binds with the enzyme, F,
to produce an intermediate complex, X E. This intermediate complex later dissociates into
the phosphorylated form of the substrate, X, and the enzyme molecule. We also assume
that the formation of X E is reversible while its dissociation is not (It is possible to build
a theory even when the breaking down of X FE is reversible [26,66], but we will not cover
that direction here.) Similarly, in the second reaction the enzyme, F, works to reverse
the effect of the first reaction. It catalyzes the conversion of X, back to X through the
formation of another intermediate complex, X,F'. The symbols k1, k_1, k2, k3, k_3 and k4
are the reaction rate constants. This phosphorylation/dephosphorylation process is also

known as a Goldbeter-Koshland (GK) switch [11,24,52] or a futile cycle [3].

The MM differential equation is a simplified model for tracking the time evolution of

the concentration of the protein in the reactions (1.3). Let

z:=[X]|, ¢ =[XE], e:=[E], zp:=[zp], c2:=[x,F], f:=][F],

14



1.2. EXAMPLE APPLICATION

where any symbol enclosed in square brackets denotes its molar concentration. The fol-

lowing differential equation is known as the MM differential equation [11,13,46].

dx To— X
k2 fo 0

el o 1.4
dt km, + 0 — ’ (1.4)

— kieq——
ST

where kp,, = (k2 + k—1)/k1 and kp,, := (k4 + k_3)/ks are known as Michaelis Menten
constants; and xg,eg and foy are total concentrations of substrate and respective enzymes

in the MM reaction scheme (1.3).

In this section, using the GSPT, we will show that, if we assume the validity of the
Law of Mass Action for reactions (1.3), and if the total concentrations of both the enzymes
are very small compared to the total concentration of the substrate, i.e., if eg < xg and
fo < xo; and if the total concentrations of the two enzymes are of the same order, i.e. if
eo ~ fo, then Eq. (1.4) is a valid model of reactions (1.3). More precisely, we will show
that Eq. (1.4) is a valid reduction of the equations that describe reactions (1.3) assuming

the Law of Mass Action.

The reader may refer to the Appendix A for a quick tutorial on the Law of Mass
Action or may consult references like [30]. The application of the Law of Mass Action to

reaction (1.3) yields the following set of differential equations:

d d

@ = —kixe+ k_q1c1 + k4co, & = —k‘3$pf + k_3co + kocy,

dt dt

dc dc
ditl = kize — (k‘fl + k‘g)cl, d7t2 = k3$pf — (k‘fg + /6'4)02, (1.5)
d d

£ = —kize + (k—1 + k2)c1, d*J; = —ksxpf + (k—3 + ka)co.

Eq. (1.5) is generally studied with the following initial conditions,

z(0) =zo, e(0)=-ep, [f(0)=fo, xp(0)=c1(0)=c2(0)=0.
This choice means that their are no intermediate complexes at the beginning of reactions.
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1.2. EXAMPLE APPLICATION

By the very nature of reaction scheme, this dynamical system has the following constraints:
€(t) + Cl(t) = e, f(t) + Cg(t) = fo, :p(t) + .’Ep(t) + Cl(t) + CQ(t) =x9, t>0. (1.6)

It is easy to check that these constraints are consistent with the initial conditions and with

Eq. (1.5). Using Eq (1.6), we can eliminate a number of variables in Eq. (1.5) to obtain

d

di; = —kiexg+ (k1x + k_1)c1 + kyca,

d

% = kieoxr — (k1z +k_1 + k2)cy, (1.7)
de

d—f = k3(wo— 2 —c1—c2)(fo—c2) — (k_3 + ks)ca.

Suppose Eq. (1.7) evolves so that before x changes considerably, ¢; and ¢z change fast

and equilibrate. Then Eq. (1.7) can be replaced by the simpler equation

d

d;‘: = —kiexg+ (k1z + k_1)c1 + kgco, (1.8a)
0 = kiegx — (/{1.% +k_1+ k‘Q)Cl, (1.8b)
0 = k3(x() — X —C — Cg)(f() — CQ) — (]C_3 + k4)62. (1.8C)

This replacement of the derivative of ¢; and ¢z with 0, i.e., the reduction from Eq. (1.7)
to Eq. (1.8), holds under what is known as Quasi-Steady State Assumption(QSSA) [59].
Then, Eq. (1.8b) and Eq. (1.8c) can be solved for ¢; and ¢z, in terms of x; and the result
can be plugged into Eq. (1.8a). The resulting equation is exactly the MM differential

equation (1.4).

We next use GSPT to get a rigorous reduction of Eq. (1.7), and hence a rigorous
justification of the QSSA. As discussed earlier, to apply the results of GSPT, proper scaling
of variables is necessary to recast the Eq. (1.7) into the form of Eq. (1.1). In general
there is more than one way to scale the variables. Different scalings yield different sets of

rescaled equations, and expressions for €. Not surprisingly, different reduced equations will
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1.2. EXAMPLE APPLICATION

therefore be obtained in different parameter ranges. The scaling we use here is motivated

by an example in [46] and is one of the earliest and simplest found in the literature. Define

t t t
T := kiegt, u(T):= &, vi(T) = il ), va(T) = e ), (1.9)
0 €0 Jo
and
__ €0 _ Jo
€1 1= —, €y = —.
Zo zo
With the above change of variables, Eq. (1.7) takes the form
dv
eld—Tl = u— (u+ A+ A3)v,
d
61% = —(a(l—=u)+ A+ X)ve + a(l —u) — e;avi (1 — v2) — eaava(1 — v2),
d
61% = —a(u+t (ut A)v) + e2dovs, (1.10)
where,
k_q k4 ko k_s ks
Al=—, Xa=—, N=— MN=—> =—. 1.11
1 k1$o ; 2 klx() ) 3 k1$o 5 4 klx() y o kl ( )
Using the notation B := 2 = g—g and € = € in Eq. (1.10) we get
dv
ed—; = u—(u+ A+ A3)v1,
d
6% = —(a(l—u)+ A+ A2)ve + a(l —u) — eavy (1 — v2) — eBawvs (1 — v9),
T
d
% = —u+(u—|—/\1)v1+B/\gvg. (1.12)

Eq. (1.12) clearly has the form of Eq. (1.1). Hence by the results in the GSPT, after a fast
transient, Eq. (1.12) will follow the dynamics of a simpler system and that simpler system
can be obtained by plugging in € = 0 in Eq. (1.12). And in the limit ¢ — 0, Eq. (1.12)

takes the form

0 = u-— (u—|->\1 —1—)\3)1)1, (1.13&)
0 = —(a(l—u)+ A+ X)va+a(l —u), (1.13b)
du
df = —u-+ (u—l—)\l)vl + BAgvs. (1.13C)
r
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1.2. EXAMPLE APPLICATION

Solving for v and vy from the Egs. (1.13a) and (1.13b), we get

u 1—-u
V= ————\ Uy= :
LEEYINED PRI ? (1_1‘)""7)\42;)\2

(1.14)

So, after the fast initial transient the solution of Eq. (1.12) tends to stay close to the slow

manifold

u 1—u
= , U1, : 0,1, = = . 1.15
Mo {(U vivp) su € [0,1], o=, v (1—u)+ 22 } (1.15)

Using Eq. (1.14) in Eq. (1.13c), we get the following “governing” differential equation near
the manifold M.
du 1—u U

—=BM+—7——— —A3———. 1.1
dr 27)‘42)‘2 Y1-u Atz tu (1.16)

The above equation is essentially a Michaelis Menten type equation in dimensionless form.
Using the change of variables, as defined in Eq. (1.9), and Eq. (1.11) we see that Eq. (1.16)

becomes Eq. (1.4).

The verification that the slow manifold defined by the first two equations of Eq. (1.13)
is normally hyperbolic and stable is nearly trivial. Let the right side of the first and second
equation of Eq. (1.13) be F(u,v1,v2) and G(u,v1,vs), respectively. i.e. F(u,vi,vs) :=
u— (u+ A1+ A3)vy, and G(u,v1,v2) == —(a(l —u) + Ag + A2)va + (1 — w). Then, clearly
we have

o[F, G —(u+ A1+ A3) 0
vy, va]

0 —(a(l—u)+/\4+)\2)

The Jacobian is therefore diagonal with negative eigenvalues.

Fig. 1.2 shows the solutions of Eq. (1.12) for two small values of e. We do indeed observe
that solutions first get quickly attracted to Mg then move on it slowly. The attraction

gets sharper as € becomes smaller.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
u

Figure 1.2: Projected solutions of Eq. (1.12) on the u-v1 plane, for two different values of e.
For the dashed (black) line, e = 0.1; and for the thick solid (blue) line, ¢ = 0.05 was used. The
thin solid (red) line is the slow manifold, My, described by Eq. (1.15). We observe that for small
€, solutions first get quickly attracted to Mo then move on it slowly. The attraction gets sharper
as € becomes smaller. Other parameters used: A1 = A2 = A3 = Ay = a = 1; B = 1 (dashed
(black) line), B = 2 (thick solid (blue) line). Initial value: v; = 0,v2 = 0,z = 0.9.
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Chapter

Introduction of the total Quasi-Steady

States Assumption (tQSSA)

In the last chapter we saw that a classic assumption in the derivation of the MM type
differential equation is that the enzyme concentration is much lower than the substrate
concentration. A weaker requirement was derived in [59], where it was shown that even if
the enzyme concentration is small compared to the sum of substrate concentration and the
Michaelis-Menten constant then the QSSA holds, and the MM type reduction is justified.
Although these conditions hold for a single MM type reaction, i.e. when there is only
one substrate, theoretical justification for the use of MM type differential equations, in
a general network of coupled MM reactions, is yet to be found [6,11,65]. Unless we
answer this question, any prediction, made by models created by using of MM differential
equation in a network of enzymatic reactions, will be unreliable. For examples of such

model, see [23,49, 50, 64].
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As mentioned before, the QSSA plays a major role in the derivation of the MM dif-
ferential equations. Hence, to prove the validity of MM type differential equations, for a
system of coupled MM reactions, one must justify a generalized version of the QSSA that
holds for such a system. Although the QSSA has not been extended directly to a system
of coupled MM reactions, other versions of the QSSA which may be more suitable for the
network have been developed. In this thesis we will extend one such version, namely the

tQSSA, to a system of coupled MM reactions.

The tQSSA was proposed by Borghans, et al. (1996) [6]. The original result was
applicable only to an isolated MM reaction. In this chapter we will discuss the meaning of
the tQSSA, in the way it was first introduced; and we will discuss some other explanations
of tQSSA in terms of GSPT. In Section 2.1, we will describe what we mean by the tQSSA. In
addition, in Section 2.1.1, we will show how we can get around a technical issue of solving
quadratic equations that appear in the reduced equations obtained under the tQSSA.
In Section 2.2, we will study several different justifications of the tQSSA. Section 2.2.1
discusses the results of Borghans, et al. [59]; Section 2.2.2 discusses the justification given
by Tzafriri [65]. We will also discuss some potential issues in the these arguments. In
Section 2.2.3, we will study a more precise proof of the validity of tQSSA, based on GSPT.
Here we follow Khoo and Hegland [37], who gave a rigorous proof of Borghans et al.’s
result [6]. In the last section, Section 2.2.4, we will show that we can also use GSPT to

prove the validity of Tzafriri’s condition as a sufficient condition for the tQSSA [65].
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2.1. MEANING AND EXTENSION OF THE TQSSA

2.1 Meaning and extension of the tQSSA

The Michaelis-Menten (MM) scheme [7, 43] is a fundamental building block of many models
of protein interactions: An enzyme, F, reacts with a protein, X, resulting in an interme-
diate complex, C. In turn, this complex dissociates into a product, X,, and the enzyme
E. It is frequently assumed that formation of C' is reversible while its dissociation is not.

The process is represented by the following sequence of reactions [7,43, 46|

k
X+E=2082Xx,+F (2.1)
1

It should be noted that the reaction (2.1) is exactly the first of the two Michaelis-Menten
reaction in Eq. (1.3). The reader may notice the term “isolated” in the name of this section.
We add this term because subsequently we will consider examples where the substrate of
one reaction can act as an enzyme in another. Here the term “isolated” simply means that

there is only one enzyme species and only one substrate species.

For notational convenience we will use variable names to denote both the chemical
species and its concentration. For instance, F denotes both an enzyme and its concentra-
tion. Reaction (2.1) reaction obeys two natural constrains: The total amount of protein

and enzyme remain constant. i.e.
X+C+Xp:XT, and E+C:ET, (2.2)

for positive constants X7 and Ep. In conjunction with the constraints (2.2), the Law of
Mass Action (see Appendix A) yields the following system of ordinary differential equations

that models reaction (2.1)

% = —le(ET — C) + k_1C, X(O) = Xp,
dC
E = le(ET — C) — (k_l + kQ)C, C(O) =0. (2.3)
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2.1. MEANING AND EXTENSION OF THE TQSSA

In Chapter 1, we studied the derivation of the MM equation. The conclusion was that
when the concentration of the substrate-bound enzyme, C, equilibrates quickly, then sys-
tem (2.3) can be reduced by one dimension and the resulting one dimensional differential
equation was called the MM equation. We say that the QSSA holds if C is quickly at-
tracted to quasi-steady state value, while X changes little during this transient. Sufficient
conditions under which the QSSA is valid have been studied extensively [17,24,60]. How-
ever, it has also been observed that the QSSA is too restrictive [6,65], as mentioned in
the introduction of this chapter. Hence, other less restrictive versions of the QSSA were

proposed.

In particular, the tQSSA was proposed to obtain a reduction that is valid for a wider
range of parameters than the QSSA. The trick used in the tQSSA is to introduce a new

variable X := X + C. Eq. (2.3) can then be rewritten as

b )
let e X(0)=Xr,  (24a)
= hXEr — (X + By + kn)C + €7 C(0) =0, (2.4b)

where ky, = (k_1 + k2)/k1 is the Michaelis—Menten constant.

The tQSSA posits that C' equilibrates quickly compared to X [6,65]. Under this as-

sumption we obtain the following differential-algebraic system

dX _
0=k [XEr — (X + Er +ky)C + C?. (2.5b)

Solving Eq. (2.5b) and noting that only the negative branch of solutions is stable, we can

express C in terms of X to obtain a closed, first order differential equation for X,

dt - 2 )
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2.1. MEANING AND EXTENSION OF THE TQSSA

Although the reduced equation is given in the X, C' coordinates, it is easy to revert to
the original variables X, C'. Therefore, from Eq. (2.6) one can recover an approximation to

the solution of Eq. (2.3).

2.1.1 Extension of the tQSSA

An essential step in the tQSSA reduction is the solution of the quadratic equation (2.5b).
A direct extension of this approach to networks of chemical reactions typically leads to
a coupled system of quadratic equations (see Eq. (3.18)) [11,51,52]. The solution of this
system may not be unique, and generally may need to be obtained numerically. However,
an approach introduced by Bennett, et al. [5], can be used to obtain the desired solution

from a system of linear equations.

In particular, we keep the tQSSA, but look for a reduced equation in the original

coordinates, X,C. Using X = X + C to eliminate X from Eq. (2.5b), we obtain
0="Fk (X(Er—C)—k,C). (2.7)

Eq. (2.7) and Eq. (2.5b) are equivalent, but Eq. (2.7) is linear in C, and leads to

XE _ XE
T and X=X+ T

C:km+X’ ko + X

Using these formulas in Eq. (2.5a), and applying the chain rule gives

) XEr \ dX XErp dx knEr \ ' XErp
— (x — —_ — = k(1 .
8X< k:m+X> dt “lom + X dt 2< T+ X2) Rt X

(2.8a)

The reduced Eq. (2.8a) was obtained under the assumption that there is no significant
change in X = X + C during the rapid equilibration. After equilibration, C = X E7/(k,, +

X) (See Fig. 2.1). Therefore, the initial value for Eq. (2.8a), denote by X(0), can be
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(@) (b) (c)
o o X X
1
0.2 os® | [
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! A 06 e
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005 oz | N Reduced system
0
o 0.2 04 _ 06 0.8 i 0 .10 15 20
X time (t)

Figure 2.1: Proper choice of the initial values of the reduced system. The empty circle at X =1, C =0,
represents the initial value for the full system. The solid dot is the initial value of the reduced system. The
dash-dotted (red) line represents the attracting slow manifold. (a) The solid curve represents the numerical
solution of Eq. (2.4). The solution rapidly converges to the manifold, and evolves slowly along the manifold
after this transient. The dashed line satisfies X = Xr. The solid dot at the intersection of the dashed line
and the slow manifold represents the projection of the initial condition onto the slow manifold given by
Eq. (2.5b). Thus X (0) = X7 is the proper initial condition for the reduced system (2.6). (b) The solid line
represents the numerical solution of Eq. (2.3). After a quick transient, the solution again converges to the
slow manifold. However, since the initial transient is not orthogonal to the X axis, the initial conditions
do not project vertically onto the slow manifold. Instead, the initial transient follows the line X +C = Xr
(dashed), and the intersection of this line and the slow manifold represents the proper choice of the initial
value for Eq. (2.8a). (¢) Comparison of solutions of Eq. (2.3) and the reduced system (2.8a). The graph in
the inset offers a magnified view of the boxed region, showing the quick transient to the slow manifold. We
used: X7 = Er = k1 = k2 = 1, k—1 = 3, which, using Eq. (2.8b), gives the initial condition for the reduced
system, X (0) = 0.83.

obtained from the initial values X (0), C(0) using

5 ErX(0) _
X0+ < b X(0) + C(0) = Xr. (2.8b)

Fig. 2.1c) shows that the solutions of the full system (2.3) and the reduced system (2.8a)

are close when initial conditions are mapped correctly.

The tQSSA implies that Eq. (2.4) can be approximated by Eq. (2.5). Therefore, to
explore the conditions under which Eq. (2.8a) is a valid reduction of Eq. (2.3) we need
to investigate the parameter regime in which the transition from Eq. (2.4) to Eq. (2.5) is

justified. In the next section we will review some of the well known results guaranteeing

the tQSSA.
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2.2 Sufficient conditions for the validity of tQSSA

2.2.1 Results of Borghans’s et al. [6]

In this subsection we will outline the arguments used by Borghans’s et al. in [6] to justify
the tQSSA on an isolated MM reaction. Recall that tQSSA in this case simply means an

approximation of Eq. (2.4) with Eq. (2.5).

To estimate the range of validity of the tQSSA one estimates the time scale of the fast
transient and the slow transient. With fast(slow) time scale we mean, the time scale on

which the fast(slow) variables change.

The first step is to estimate the fast time scale in which C' changes, say tc. Underlying
assumptions are: (1) X does not change significantly till C' gets sucked in near the slow
manifold. In the calculation of ¢t we will replace the right hand side of Eq. (2.4a) with
0; (2) the second assumption is that C' begins from an initial value of zero and remains
relatively small. The implication of this assumption is that we can ignore any terms like
C? (Ignoring the C? term is also sometime referred as Pade approximation). With this

assumption one can approximate the Eq. (2.4) in the fast time scale with

ax

o

dC

pr =k [XTET — (Xr+ Er+ km)C} (2.9)

The right hand side of Eq. (2.9) is linear in C' and the coefficient of C' is ki (X7 + Er +
k). Thus, in some sense, one can say that in Eq. (2.9), C' changes in the time scale of
1/(k1(X7 + Er + k) and this is what one calls the fast time scale, i.e.

1
to = .
“ Tk (X7 + Er + ki)

To estimate the slow time scale ¢ ¢, we calculate the maximum change of X divided by the
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2.2. SUFFICIENT CONDITIONS FOR THE VALIDITY OF TQSSA

maximum rate of change of total substrate after the fast transient. This can roughly set to
be X7/]|dX /dt|max and with the quasi equilibrium value of C' from Eq. (2.9), one obtains

o — Xr _XT+ET+km
X7 dX /b max ko Er

After obtaining t¢ and ¢ 5, Borghans’s et al. argue that a necessary and sufficient condition
for the validity of tQSSA is

tco ko Er
Ee= — = — < 1. 2.10
ty ki (Xo+ Er+kn)? (2.10)

In later sections (see Sections 2.2.3 and 4.2.1) we will see that one can arrive at the same

conclusion by using the GSPT.

2.2.2 Results on tQSSA obtained by Tzafriri [65]

In [65], the author produced another argument to go from Eq. (2.4) to Eq. (2.5). Tzafriri’s
argument is similar to Borghans’s argument, except that no assumption of Pade approxi-

mation is required. By using

2

Ci(X) = (2.11)

as the roots of the quadratic equation: ki[XEr — (X + Er + ky,)C + C?] = 0, we can
rewrite the Eq. (2.4) as

dX _

& =k, X(0) = Xr, (2.12a)
%~ k(O - X -0 (X)), C(0) = 0. (2.12b)

Under the assumptions that C' is the fast variable and X is the slow variable, one can
assume that in the fast initial transient there has not been any significant change in X.

Hence, we can replace X with X7 in Eq. (2.12b) to get

% = ki(C = C4(X7))(C — C_(X7)).
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2.2. SUFFICIENT CONDITIONS FOR THE VALIDITY OF TQSSA

This is a Riccati equation and it can be solved analytically [57] to get

1—et/to

Cl(t) = C,(XT) C (X
L= e

where t¢ is defined as

1 1
ki[O (Xr) = C-(X7)]  ki/(X7 + Br + km)? — 4Br X7

Then, the author of [65] argued that a sufficient condition for the validity of tQSSA can

te = (2.13)

be obtained by requiring that the fractional decrease of X (t) during the initial transient

should be small,i.e.
Xr— X(t) < kaCi(t)

t< 1.
e %, 1<

And because the duration of the initial transient is of the order t¢, one gets a new sufficient

condition of the validity of tQSSA by plugging in ¢ = t¢ in the above equation

_ ksC_(X7)

€ XT

te <1 (2.14)

where C_(.) and t¢ are defined in Egs. (2.11) and (2.13), respectively. One can also write
Eq.(2.14) as

t X
e= -2 « 1, where T

tg = ————— 2.15
ty X kC_(X7) (2.15)

can be interpreted as the time scale for the slow variable.

Remark: It should be noted that the self-consistent approach used by Borghans, et al.
and Tzafriri, though intuitive, is somewhat heuristic. In the next two subsections we will
see the use of GSPT to obtain rigorous proofs of the above claims. The first one proves

Borgans’ result and the second one proves Tzafriri’s result.

Another limitation of the above self-consistency approaches is that they only seem to
work for an isolated Michaelis-Menten reaction and not for a system of simultaneous MM
reactions. In other words it is not obvious how to use a self-consistency approach when

dealing with more than two independent variables.
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2.2. SUFFICIENT CONDITIONS FOR THE VALIDITY OF TQSSA

2.2.3 Khoo and Hegland’s proof for tQSSA using GSPT [37]

As we discussed in Chapter 1, to apply the results of the GSPT on any dynamical system,
one frequently needs to rescale the variables, so that the given differential equation takes

the form as in Eq. (1.1). In [37], the authors worked with the following scaling. Using

1 X+ Er+kny _tc ke Er

t = 5 t 3 — - 5 9
T k(X1 + Br + k) ko Bt “TT¢ " ki (X1t Er+ k)2
(2.16)

b

the scaled variables are defined as

t _ (t) C(t) XrEr
T=— x(T) = —5, c\T7)=—, where = < .
lc (7) Xr ") Y ! X1+ Er +
With these new variables Eq. (2.4) takes the form

dz

— = —ec

dr ’

dc _ Xrx+ Er+kny XrEr 9

— =I— c c.

dr X7+ Er+ kpy, (XT + Er + /Cm)Q

This equation can be rescaled further, so that it will fit directly into the form of Eq. (1.1),

by a new time 7' = 7/e.

i
ar - ©

dc . Xrz + Er + k,, XrEr 9
AT T Xpt Brtkm C (Xr+ Er k)2

Therefore the results of the GSPT implies that € < 1, where € is defined in Eq. (2.16), is a
sufficient condition for the validity of tQSSA. As we mentioned earlier, this is exactly the

same condition claimed by Borghans, et al.

29



2.2. SUFFICIENT CONDITIONS FOR THE VALIDITY OF TQSSA

2.2.4 Validity of Tzafriri’s claim using the GSPT

As discussed in Section 2.2.2, Tzafriri argued in [65] that the condition

t
=2 «1 (2.17)
tx

is a valid condition for reduction from Eq. (2.4) to Eq. (2.5), where t¢ and ¢ 5 were defined

as:
P X7 P 1 B 1
X T C (X)) C T M[C(X1) — C-(X1)]  ki/(Xr + Br + km)? — AB7 X7
(2.18)
where
(Xr+ Er+kp) £ \/(XT + Er + km)2 —4FEp Xr
Cy(X7) = .

2

However, the self consistent argument used by Tzafriri can be made rigorous by using
the techniques of the GSPT. And that is what we will do in this section. Once again,
variables will be scaled appropriately to recast the Eq. (2.4) into a form of Eq. (1.1). Using

C_ as short for C_(X7) we define the new variables as

_t oy X _ C®)
T = Pt z(7) = X, o(r) = ol (2.19)
Let
L ABrXy

(ET + kim + XT)2 ’

Then, by the definition of €, t¢, t ¢ and r we note that € and r can be reformulated into the

form
t ko 1—+/1-— 1
e=C - 2 Dandr=1-——" (2.20)
ts kiXr V1-—r (1 + €k1XT>
ko
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2.2. SUFFICIENT CONDITIONS FOR THE VALIDITY OF TQSSA

Recasting Eq. (2.4) in term of the new variables, as defined in Eq. (2.19), and using

Eq. (2.20) we get

@ _
dr ’
de _ hXr, | _(ErtkntXrd) | - 7. (2.21)

P
dr ko (Er + kpm + X7)V1—1 4vV1—r—(1-r))
We see that Eq. (2.21) has the structure of Eq. (1.1). Hence the results of the GSPT can

be applied for small €. For two cases it will be meaningful to use the limit ¢ = 0.

Case 1: Suppose e% — 0 in the limit € — 0. Eq. (2.20) then implies that r» — 0. Also,

r/(v/1 —7r — (1 —r)) does not vanish because

lim " = lim

0 (VT—r—(1-7) ro0;2 41

2.

Therefore, in this case, in the limit of small € we can eliminated the derivative of ¢ as well

as the ¢? term from Eq. (2.21).

Case 2: Second case is that e% + 0 but eklka stays bounded in the limit € — 0.
Eq. (2.20) then implies that r stays bounded away from one. Hence, in this case too the
right hand side is well defined in the limit of ¢ — 0. Though in this case we can not ignore

the ¢2 term.

ki X
k:

-+ — oo in the limit € — 0 possible

Note that the above argument will break down if €
because that would imply that » — 1. In this limit the right hand side of Eq. (2.21) will

be undefined.
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Chapter

General description of the network in this

study

We start with an example application of our theory on a real network.

3.1 Analysis of a two-protein network

To illustrate the main ideas used in reducing the corresponding equations, we start with a

concrete example of two interacting proteins.

Fig. 3.1a) is a simplified depiction of the interactions between two regulators of the
G2-to-mitosis phase (G2/M) transition in the eukaryotic cell cycle [49]. Here, Y represents
MPF (M-phase promoting factor, a dimer of Cdc2 and cyclin B) and X represents Weel (a
kinase that phosphorylates and deactivates Cdc2). The proteins exist in a phosphorylated
state, X, Yy, and an unphosphorylated state, X,Y, with the phosphorylated state being

less active. The proteins X and Y deactivate each other, and hence act as antagonists. In
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Original system

.............. Reduced system

------------- Mee®
0.6
0.4 Xp

: 0.2

8 10 12 14

6
time (t)

Figure 3.1: A simplified description of interactions between two regulators of the G2-to-mitosis phase
(G2/M) transition in the eukaryotic cell cycle [49] (See text). (a) X and Y phosphorylate and deactivate
each other. For instance, the protein X exists in a phosphorylated X, and unphosphorylated X state, and
the conversion X to X, is catalyzed by Y,. The conversion of X, to X is catalyzed by the phosphatase
E:. (b) Comparison of the numerical solution of Eq. (3.1) and Eq. (3.8). Here k1 = 5,k—1 = 1,k =
1,Ef =10,EY =2, X7 = 10,Yr = 10.1 as in [11]. The initial values for Eq. (3.1) are X (0) = 10,Y(0) =
1.1, X,(0) = 0,Y,(0) = 9,C-(0) = 0,Cy(0) = 0,Cz(0) = 0,C;(0) = 0, E1(0) = 10, E2(0) = 2. The initial
values of the reduced system, X,(0) = 0.12,Y,(0) = 0.83 are obtained by the projection onto the slow
manifold defined by Eq. (3.7).

this network E; and Fs represent phosphatases that catalyze the conversion of X, and Y,
to X and Y, respectively. Each dotted arrow in Fig. 3.1a) is associated with exactly one
MM type reaction in the list of reactions given below. The sources of the arrows act as
enzymes. Therefore, Fig. 3.1a) represents the following network of reactions
3;+X;—>_1 Co 225 X, + Yy, E1+Xp;—>_1 ce 2 x4 By,
. -1

k k
X, +Y = C Y, 4 X, E4Y, = CC LY 4B,
-1 -1

To simplify the exposition, we have assumed some homogeneity in the rates. Since the total

concentration of proteins and enzymes is assumed fixed, the system obeys the following set
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3.1. ANALYSIS OF A TWO-PROTEIN NETWORK

of constraints

Xr = X(t)+ Xp(t) + Co(t) + Cy(t) + Ci(t),
Ef = Cit)+E\(1),
Yr = Y(t)+Y(t) +Cu(t)+ Cy(t) + C;(t),
Ey = Cg(t)+ E(t)
for t > 0, where X7, Y7, Ef, Eg are constant and represent the total concentrations of the

respective proteins and enzymes. Along with these constraints the concentrations of the

ten species in the reaction evolve according to

dX
E2 = ki (Vr =Y, Ca— = C5) Xy — X, (BT = C5)
=Y =E1
—i—k_lC; + (k_l + kg)cy + ko Cy,
dY,
C2 =k (Xp X~ Co— Cy— C9) Yy — Y, (Ef — )
dt —_———
=X =Fs
—|—/-c,1C’§ + (k‘fl + kQ)Cx + k‘QCy,
dC e
7 = k(X —-X,-C, —Cy—C3) Y, — (k—1 + k2)Cy, (3.1)
=X
dC
dity = k(Yr-Y,-C;— Cy — C;)Xp — (k-1 + kg)Cy,
=Y
dce
7 = X (Ef — C%) —(k_1 + k2)CS,
N——
=F;
dce
y L'o= kY, (E] — Cf) —(k—1+ ka)C,
t N——
=F>
with initial values
C.(0) =0, Cy(()) =0, Cg(0)=0, C’;(O) =0. (3.2)

The initial values of X, and Y, are some arbitrary positive numbers.
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3.1. ANALYSIS OF A TWO-PROTEIN NETWORK

Following the approach in the previous chapter, we reduce Eq. (3.1) to a two-dimensional
system. Assuming the validity of the tQSSA, we obtain an approximating differential—
algebraic system. Solving the algebraic equations, which are linear in the original coordi-
nates, leads to a closed, reduced system of ODEs. The parameter regime for the validity

of the tQSSA will be discussed in the next chapter.

3.1.1 New coordinates and reduction under the tQSSA

To extend the tQSSA we define a new set of variables by adding the concentration of the
free state of a species to the concentrations of all intermediate complexes formed by that
particular species as reactant [11],
X, = X,+Cy+C¢,
(3.3)
Y, = Y, +C+Cy.
Under the tQSSA, the intermediate complexes equilibrate quickly compared to the

variables X, and Y. In the coordinates defined by Eq. (3.3), Eq. (3.1) takes the form

‘il)_ip = kyCp — koCS, (3.4a)
% = koCy — ko C, (3.4b)
0=k (X7 —Xp— Co)(Yp — Co — Cf) — (k1 + k2)Cs, (3.4c)
0=k (Yr =Y, = C))(Xp — Cy = CF) — (k-1 + ka2)Cy, (3.4d)
0=k (X, —Cy—C(E] —C%) — (k_1 + ko)CS, (3.4e)
0="ki(Y, — Co — C)(E3 — Cf) — (k—1 + k2)Cf. (3.4f)

Solving the coupled system of quadratic equations (3.4c-3.4f) in terms of X'p, Yp appears

to be possible only numerically, as it is equivalent to finding the roots of a degree 16
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3.1. ANALYSIS OF A TWO-PROTEIN NETWORK

polynomial [11]. However, since we are interested in the dynamics of X, and Y),, we can
proceed as in the previous chapter (see Section 2.1.1): Using Eq. (3.3) in (3.4c-3.4f) gives a
linear system in Cy,Cy, Cg, Cy. Defining ky, := (k_1 + k2)/k1, this system can be written

in matrix form as

Yk, v, v o |lal| [ vee-x)
X,  Xp+km 0 X, Cy | _ X,(Yr —Y,) 35)
0 0 Xp + km 0 Ce X,ET
0 0 0 Y, + km cs Y,ET

The coefficient matrix above is invertible and Eq. (3.5) can be solved to obtain Cs,Cy,C1,Cy
as functions of X),,Y},,. Denoting the resulting solutions as Cy(X,, Y}),Cy(Xp, Yp), Co(Xp, Yyp),
Cy(Xp,Yp) and using them in Eqgs.(3.4a-3.4b) we obtain the following
d | Xp i Ca(Xp, Yp) — C2(Xp, Yp)
- = K2
dt -
Yp Cy(Xp, Yp) — Cy(Xp, Yp)

Reverting to the original coordinates, X, and Y, and using the chain rule gives a closed

system
d Xp + Cy(Xpa Y}?) + C;(va Y}’) k Cz(Xpa Y})) - C;(th Y;’) —
- = ky
dt
Yy + Col(Xp V) + C5(X, V) | Cy(Xp,Yy) — Co(X,,Yy) |
oc, | ace  aC, | aCe | i 1
I+ax, tax, oy, ton d | Xp L Ca(Xp, Yp) — C5(Xp, Yp)
= K2
ac, , 9C5 ac, , 9cc | dt
X, + BXi L+ Y, + TY;/ Yy | i Cy(vaYp) - Cg(vaYp) i

(3.6)

The initial values of Eq. (3.6) are determined by projecting the initial values, given by
Eq. (3.2), onto the slow manifold. Unfortunately, they can be expressed only implicitly.
The reduction from Eq. (3.1) to Eq. (3.6) was obtained under the assumption that X, =

X, 4+ Cy+ C% and Y, = Y, + C, 4 C¢ are slow variables, and hence constant during the
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3.1. ANALYSIS OF A TWO-PROTEIN NETWORK

transient to the slow manifold. Therefore the projections of the initial conditions onto the

slow manifold, X,(0) and Y}(0), are related to the original initial conditions as

X,(0) + Cy(Xp(0),Y5(0)) + CS(Xp(0),Y5(0)) = X,(0) + Cy(0) + CL0) = X,
Y,(0) + Co(X5(0),Y,(0) + CE(X,(0),Y,(0)) = Y,(0) + C(0) + Ce(0) = Yo
(3.7)

We have therefore shown that, if the tQSSA holds, and if the coefficient matrix on the

left hand side of Eq. (3.6) is invertible, then

= k
dt 2 )

1+ 94 BCZ + 8Y Cy(Xp,Yy) — C(X,, V)
(3.8)

ac ac, | ace
d | Xp 1+ 5%, + 8X v, T ay,, Co(Xp, Yp) = CL(Xp, )
Y,

acz
+ ax

with initial value obtained by solving Eq. (3.7), is a valid approximation of Eq. (3.1).
Fig. 3.1b) shows that the solutions of the two systems are indeed close, after an initial

transient.

3.1.2 Comparison of our reduction with MM differential equations

Lets compare Eq. (3.8) with the equation one generally sees in the literature to model
the network discussed in this section. For example, in [64] the following system of MM

differential equations has been used.

X, X1 — X, X,
2 gy, — 2T T .
di Pkm + X1 — X, Yo + X, (3.92)
day, Yy —Y, Y,

z I_F - (3.9b)

At P P Y=Y, 2 Pkt Y,
In Fig. 3.2 we compare the right hand side of Eq. (3.9a) and the first coordinate of the right
hand side of Eq. (3.8). The difference in two functions strongly suggests that the use of MM

Menten differentials equation on a system of coupled MM reactions is not consistent with
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3.2. THE GENERAL PROBLEM

(a) (b) (c)

Figure 3.2: (a),(b): Plot of the the first coordinate of the right hand side of Eq. (3.8) from two different
viewing angles. (c) Plot of the right hand side of Eq. (3.9a). The viewing angle for subfigures (b) and (c)
are same. All the parameters are same as in Fig. 3.1. The difference in shape of (b) and (c) suggest that
Eq. (3.9) is not consistent with the Law of Mass Action.

the Law of Mass Action. In particular, Eq. (3.9a) has sigmoidal shape where as Eq. (3.8)

do not.

3.2 The general problem

In this section we describe a general class of protein interaction networks to which the
reduction schemes described in the previous section can be applied. We again assume that
the proteins interact via MM type reactions, and obtain a reduction under the generalized
tQSSA [11]. We will follow the steps that lead to the reduced systems in the previous
section: After describing the model and the conserved quantities, we recast the equations
in terms of the “total” protein concentrations (c¢f. Section 3.1.1). Under a generalized
tQSSA, these equations can be reduced to an differential-algebraic system. We show that
the algebraic part of the system is linear in the original coordinates (cf. sections 2.1.1

and 3.1.1), so that the reduced system can be described by a differential equation with
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(r,i) th EP-type > (j, i) th PP-type
edge < edge
r th E- type node
(4,7) th PP-type > < (s,7) th EP-type
edge edge

i th P- type node

j th P- type node

Figure 3.3: A section of the network illustrating the terminology used in describing protein interaction
networks. Each shaded region represents a node and encompasses either an enzyme or a single protein that
is part of an MM type reaction. Each dotted arrow represents an edge in the network. The solid arrows
represent transitions within the nodes, and do not define an edge in the network.

dimension equal to the number of interacting proteins.

Other examples of biologically motivated network that to which this scheme can be

applied can be found in [10, 13,23, 32,49, 50,61, 64].

3.2.1 Description of the network

The network of reaction we consider can be described in terms of nodes and edges. The
nodes represent enzymes as well as proteins, while the edges represent the catalytic effect
one species has on another. Proteins are assumed to come in two states, phosphorylated and
unphosphorylated. Both states are represented by a single node in this network. Fig. 3.3

and the following description make these definitions precise.
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In a network of n interacting proteins, and n associated enzymes, we define the follow-

ing:

Nodes: The two types of nodes in this network represent proteins (P-type nodes) and
enzymes (E-type nodes). Each protein can exist in either an active or inactive form. The
inactive form of the ith protein is denoted by U;, and the active form by P;. The ith
P-type node is formed by grouping together U; and P;. In addition there are n species of

enzymes, E;, which exist in only one state.

Edges: All edges in the network are directed, and represent the catalytic effect of a
species in a MM type reaction. There are two types of edges: PP-type edges connect two
P-type nodes, while EP-type edges connect E-type nodes to P-type nodes. In particular,
a PP-type edge from node 7 to node j represents the following MM type reaction in which

P; catalyzes the conversion of U; to the active form Pj,

kij vk
P+U; = CU 2% ptp, (3.10a)
—1

ij

Note that autocatalysis is possible. The rate constants kzlj,kl_ jl, k‘f o associated to each

edge, can be grouped into weighted “connectivity matrices”

K, = {.1.

ij

, K1 = {751

— 2
e 22 = [

ij

:|TL><?’L :|TL><?’L

In the absence of an edge, that is, when P; does not catalyze the phosphorylation of Uj,

the corresponding (i, j)-th entry in K7, K_1, and K is set to zero.

EP-type edges are similar to PP-type edges, with enzymes acting as catalysts. To each

: : . 1 =142
pair of enzyme, Fj;, and protein, Pj, we associate three rate constants li,j’ li,j 7li,j of the

corresponding reaction in which E; is a catalyst in the conversion of P; into Uj,

1
Ei+P = CE LU+ B, (3.10b)

-1
Li;
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The rate constants can again be arranged into matrices

o= ] o= 5] = 2]
! I nxn ! v nxn 2 t nxn

with zero entries again denoting the absence of interactions.

These definitions imply that the active form of one protein always catalyzes the produc-
tion of the active form of another protein. This assumption excludes certain interactions
(see Section 3.2.7 for an example). However, the reduction is easiest to describe under
these assumptions, and this setting does include a lot, if not all, of the enzymatic network

considered in literature.

For notational convenience we define U = [Uy,Us, ..., U,]'\, P = [P, Ps, ..., P,]t, and

E = [Ey, Es, ..., E,]t, and arrange intermediate complexes into matrices,
U U U E E E
Cn Cn Chn Ci1 O Cin
Ch Ch . Oy, Ci C . O
CU = CE
U U U E E E
i Cnl Cn2 Cnn ] L Cnl Cn2 Cnn ]

Initially all intermediate complexes are assumed to start at zero concentration. Therefore,
any intermediate complex corresponding to a reaction that has zero rates, will remain at

zero concentration for all time.

For instance, in the case of the two protein example discussed in Section 3.1,

we have
0 Cy ce 0 X Xp E
CU p— 5 CE p— B U p— 5 P pu— 5 E p— 5
gy, 0 C; Y Y, Es
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Ly =

Ly =

ko

la

ko

la

3.2.2 Inherent constraints on this network

Assuming that the system is isolated from the environment implies that the total concen-

tration of each enzyme, EZT , remains constant. Therefore,

n
E+Y CE=El,  ie{12..n} (3.11a)
s=1

Similarly, for each protein the total concentration, UZ-T , of its inactive and active form, and

the intermediate complexes is constant,

U + P + (ch +y ch - c}{) +Y cfi=uf, ie{l2..n}.  (3.11b)
r=1 r=1

s=1

Let

t

Va=[11 ... 1] Er=[El ET ET ), and Ur = [yl UT vl I",

n times

and denote the n x n identity matrix by I,,. In addition, we use the Hadamard product
of matrices, denoted by #, to simplify notation'. Constraints (3.11) can now be written

concisely in matrix form

Er =E+ CgV,,

Ur =U+ P+ CyVy + ChVyy — (In % Cy) Vi + Ci V.

'For instance, the Hadamard product of matrices A = { (z Z } ,and B = { Z £ } ,isAx B =
ae bf
cg dh |’
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3.2.3 ODE associated with this network

Applying the Law of Mass Action to the system of reactions described by (3.10a-3.10b)

yields a (2n? 4+ n) dimensional dynamical system,

P, < _
dt = Z < - k‘lzlsP’LUS + (k:isl + k?s)cg>
s=1
+) (k?iCZ- —1},E. P + lmlc’ﬁ), P,(0) = p},
r=1
dc’g 1 -1 2 U U
act ]
dtf = I EiP; — (I +17)CF, cl0)=o,

Due to the constraints (3.11a,3.11b), U;, F;, are affine linear function of B,C’Z.(]]-,Cij and

can be used to close Eq. (3.12). Our aim is to reduce this 2n? 4+ n dimensional system to

an n dimensional system involving only F;.

3.2.4 The total substrate coordinates

In this section we generalize the change of variables to the “total” protein concentrations.

These variables will act as the slow variables in our differential equations. Let
n n
P:=P+) Cl+) CE ie{1,2..,n}, (3.13)
s=1 r=1

so that Eq. (3.12) takes the form

dPp;
dt 2rm1 kL Cr — > -1 G5 (3.14a)
dcy
i 1 pr7. -1, 1.2\U
dt ki PiUj — (kij + kij)cijv (3.14b)
dCE B
dtf = ILEP — (I +13)CE. (3.14c)

43



3.2. THE GENERAL PROBLEM

To close this system we use Egs. (3.11a,3.11b) with Eq. (3.13), to obtain

Uu = Uur—-p -y oY -

r=1
n
T E
Ez - E’L — Ci57
s=1
n n
P = B-) Cci-> ck.
s=1 r=1

(3.15)

Defining P := (Py, Ps, ..., P,)?, Eq. (3.13) can be written in vector form as P = P+CyV;, +

C% Vi, and Egs. (3.14) and (3.15) can be written in matrix form as

@
dt
dCy
dt
dCp
dt

where

U = Up—P—CyVp—ChV, — CoVi+ (I« Cp) Vi,

= Up— P —ChVy+ (I, Cy)Vy,

E = Er—CgV,,

P = P-CyV,—CLV,.

= (K2 * CU)tVn — (L2 * CE)tan
Ky * (PUt) — (K_l + KQ) x Cpy,

Ly * (Ept) — (L_l + LQ) * CE,

(3.16a)
(3.16b)

(3.16¢)

(3.17a)
(3.17b)

(3.17¢)

Egs. (3.14-3.15) and (3.16-3.17) are different representations of the same set of reactions.

Both forms are helpful in understanding different properties of the dynamics: Eq. (3.14—

3.15) will be used to examine the conditions under which separation of time scales holds,

while Eq. (3.16-3.17) will be used to prove the attractivity of the slow manifold and obtain

the reduced equations.
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3.2.5 The tQSSA and the resulting reduced equations

The general form of the tQSSA states that the intermediate complexes, Cyy and Cg, equi-
librate faster than P. This assumption implies that, after a fast transient, Eq. (3.16) can

be approximated by the differential-algebraic system
dP

o =(K2* Cy)'Vn = (Lz % C)'Vy, (3.18a)
OIKl*(PUt)—(K_l-i-KQ)*CU, (318b)
0=Ly * (EP") — (L_1 + Lo) * Cg. (3.18¢)

In particular, according to GSPT (see Chapter 1), if the slow manifold

_ 0 = Kl*(PUt)_(K71+K2)*CU;
Mo =< (P,Cy,Cg) (3.19)
0 = L1 * (EPt) — (L,1 + Lg) *x CE
is normally hyperbolic and stable, then the solutions of Eq. (3.16) are attracted to and

shadow solutions on M. Later on we will show that the above slow manifold is always

normally hyperbolic and stable (see Section 4.1).

If we consider the system (3.18b,c) entry-wise then it consists of 2n? coupled quadratic
equations in 2n%+n variables, namely the entries of P, Cyy, Cg (note that U, E are functions
of P,Cy,Cg). As discussed in Section 3.1.1, we can avoid solving coupled quadratic
equations by seeking a solution in terms of P instead of P. Using Eq. (3.17a,b) we eliminate
E,U from Egs. (3.18b,c) to obtain

Ky # [P (VICH + ViCy — VI, * Cy)) + PV,Cg| + (K_1 4+ K>) * Cy

= Kix[P(Upr—PY)], (3.20a)
Ly (Cp (VuP')) + (L1 + Lo) *Cg = Ly * (EpP"). (3.20b)
Although complicated, Eq. (3.20) is linear in the entries of Cyy and Cg. The following

Lemma, proved in Section 3.2.6, shows that the equations are also solvable.
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Lemma 3.2.1 Suppose K; = [kilj], K, = [kigl], Ky, = [k‘fj}, Ly = [l], L = [li_jl],
Ly = [l%] e R™™ are real matrices with non-negative entries. Furthermore, assume that
for any pair i,j € {1,2,...,n} either k'ilj = kigl = kfj = 0, or all these coefficients are
positive, and similarly for the coefficients ll-lj,l;jl, and l?j. If Up, Ep, P € RCLFXI are real
vectors with positive entries, and V,, = [11 --- 1] is a vector of size n, then Eq. (3.20) has

a unique solution for Cy,Cg € R™™™ in terms of P.

We denote the solution of Eq. (3.20), guaranteed through Lemma 3.2.1, by Cp;(P), C(P).

This solution can be used to close Eq. (3.18a), by using Eq. (3.17c) to obtain

dP dP d

_ 5 d (A t
- A + i (CU(P)Vn) + p (CE(P) Vn)
B J [~ 0 (-~ . dP
- {1 + 35 (C’U(P)Vn> + 55 (CE(P) Vn)} = (3.21)
With Eq. (3.18a), this leads to a closed system in P,
0 [~ J [~ ' dP ~ . ~ .
[1 + 55 (CU(P)Vn) + 55 (CE(P) Vn)] o = exCu(P)Vi — (Lo * Cp(P)) Vo

(3.22)
The initial value of Eq. (3.22), denoted by P(0), must be chosen as the projection of the
initial value P(0) of Eq. (3.12), onto the manifold My. The reduction is obtained under
the assumption that during the initial transient there has not been any significant change
in P =P+ CyV, + CLV,. Therefore the projection, ]3(0), of the initial conditions onto

the slow manifold is related to the original initial conditions, U(0), P(0), Cy(0), Cg(0), by

P(0) + Cu(P(0))Vn + CR(P(0))V = P(0) + Cy(0)Vy + C(0)V;, = P(0).

In summary, if tQSSA is valid, then Eq. (3.22) is a reduction of Eq. (3.12).
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3.2.6 Proof of Lemma 3.2.1

Note that the unknowns in Eq. (3.20) are matrices and the structure of the equation is some-
what similar to a Lyapunov equation, AX+X B = C, where the matrices A, B, C are known
and X is unknown. A standard approach to solving Lyapunov equations is to vectorize the
matrices (see [31]), resulting in an equation of the type [(I, ® A) + (B! ® I,)] vec (X) =
vec (C) (see Appendix B for the definition of term wvectorize and the vec operator and the
hat " operator). Proving solvability then essentially reduces to proving the non-singularity
of the coefficient matrix [(I,, ® A) + (B' ® I,,)]. We will use this approach to show the

solvability of Eq. (3.20).

In the proof of this Lemma we first assume that all possible reactions occur at nonzero
rates so that all entries in the matrices K1, Ko, K_1, L1, Lo, and L_; are strictly positive.
The result is then generalized to the case when some reaction rates are zero, so that not

all reactions occur.

Note that Eq. (3.20b) is uncoupled from Eq. (3.20a). (The notations and terms used
below are described in Appendix B.) Using Theorems B.1 and B.2, we vectorize Eq. (3.20b)

to obtain

vec [L1 * (Cg (VuP')) + (L1 + Lg)* Cg]
= vec [Ly* (Cg (V. P'))] + vec [(L_1 + L2) * CEg]
= Lyvec [Cp (Vi PY)] + (L-1 + Lz) vec (Cp)
= L (PV!®1,) vec(Cp) + (L_1 + Lo) vec (C)
- [El (PVI® L)+ (L 1+ EQ)] vec (Cp). (3.23)

The following lemma shows that the matrix multiplying vec (Cg) in this equation is in-

vertible.
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Lemma 3.2.2 If A,B € erm? are diagonal matrices with positive entries on the diago-
nal, Y € R:EXI is a column vector with positive entries , V,, = [11 --- 1] is a column vector

2

of size n, and I, is the n x n identity matriz, then the n?> x n? matriz

D=A(YV!®I,)+B

s invertible.

Proof: Invertibility of D is equivalent to invertibility of B~'D. Therefore, it is sufficient
to prove the result with B = I,24,2 =: I, so that D = A (YV,f ® In) + 1. We will show
that A (YV,f ® In) can not have —1 as an eigenvalue. Since I commute with every matrix,

it will follow that D cannot have 0 as an eigenvalue and we will be done. Let

Ay Y1

A Y2

Ay Yn

where A; € R*", i € {1,2,...,n} are diagonal matrices, and y; € Ry. Now

y1 1 Y len len len

Y2 Y2 Y2 yaln Yol Y21,
YViRI, = I, = " LT

Yn  YUn Yn Yndn  ynln Yndp

This implies that

A 1Ay y1Aq

A A A
AYVi®L,) = (e e (3.24)
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3.2. THE GENERAL PROBLEM

Suppose A is an eigenvalue of A (YVAe ® In), and

e
I

Xn

X; € C™1 i€ {1,2,...,n} is one corresponding eigenvector. Using Eq. (3.24) we have

A 1A Y14 X1 X1
y2As  y2Ao Y2 Ao Xo | \ Xo

This implies that for all k € {1,2,...,n},

Ay, ydy, il Xy, X1,
Yo Az,  Y2Aa Y2 Ao Xo Xo
* b g = ., (3.25)
L ynAnk ynAnk ynAnk 1L Xnk ] L Xnk ]

where A;, is (k, k)-th entry in the matrix A;, and Xj, is the kth entry in the vector Xj;.

Therefore, if A is an eigenvalue of A (YV,;t ® In) then it must be an eigenvalue of one of
its n x n principal submatrices which have the form of the coefficient matrix in Eq. (3.25)
and whose eigenvalues we know are either zero or > | y;A;, (see reason in the footnote?).

Hence A can not be —1, and hence D cannot have a zero eigenvalue. [

2We have

Y1, Y14, y1 A1, ‘ri 1
y2Az,  y2As, yaAa, 1 n
) S e = ZyiAik
i=1

YnAn,,  YnAn, YnAn, 1 1

Since the coefficient matrix in the above equation is rank one, ", y; A, is the only non-zero eigenvalue.
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This settles the problem of solvablity of Cr in Eq. (3.20b). We can use this solution
to eliminate Cp from Eq. (3.20a). Rewriting Eq. (3.20a) with all the known terms on the
right hand side we obtain

K% [P(ViCh+ViCy — Vi(InxCy))] + (K_1 + K3) * Cy

= K x[P(Up—P")] - K= [PV/Cg]. (3.26)

We can write

vec [P (ViCH + ViCy — VI, + Cy))] = (I, ® P) vec [ViICl + ViiCy — V(I * Cy)] .
(3.27)
Since (CyV,)! is a row vector, we have vec[(CyVy)!] = vec(CyVy). Therefore, using

Theorems B.1 and B.2 we get
vec (VICE) = vec(CyVy) = (VE® I,) vec (Cr),
vec (VICy) = (I, ® V) vec(Cy),
vee (VI % Cp)) = (In® V) vec (I, x Cy) = (I, ® V)T, vec (Cy).
Plugging these in Eq. (3.27) we get
vec [P(ViCH + ViCy  — VI, *Cp))]
= (@ P) [(Vi® L) + (I ® V) = (I @ V)T | vee (Cu)
= [(® P)(V{ ® 1) + (1@ PV{) — (I, ® PV, vec (Cp).
The vectorized form of the left hand side of Eq. (3.26) is
[kl {(In ® P)(VE® L) + (I, ® PV!) — (I, ® Pvnt)fn} (Ko + .r?_l)} vec (Cpy).

The following Lemma shows that the matrix mutliplying vec (Cy) in this expression is

invertible.
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Lemma 3.2.3 If A,B € RTX”Z are diagonal matrices with positive entries on the diago-

nal, Y € Rﬁ“ is a column vector with positive entries, V, = [11 --- 1]¢ is a column vector

2

of size n, then the n? x n? matric

D=A((LoY) (Vioh)+ (Lo YV) - (L& YV) 1)+ B

1s invertible.

Proof: The invertibility of D is equivalent to invertibility of A='D. We can therefore

assume that A = [,,2. Now

(o) (o)

Y1 0 0 Y1 0 0 Y1 0 0 ]
Yn 0 0 Yn 0 0 Yn 0 0
0 Y1 0 0 Y1 0 0 Y1 0
0 UYn 0 0 Yn 0 0 UYn 0
= )
0 0 Y1 0 0 Y1 0 0 Y1
i 0 0 UYn 0 0 Yn 0 0 UYn |

o1



3.2. THE GENERAL PROBLEM

and
t
(I, @ YV)
Y1 Y1 Y1
y"L y’IL y"L
Yy Y1 Y
yTL y"L yn
So,
. ~
(In ® YVn) (Inz — In)
0 Y1 Y1
0 Yn Yn
Y1 0 Y1
Yn 0 Yn
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3.2. THE GENERAL PROBLEM

and
(L,oY)(VioL)+ (LoYV) - (I,eYV)I,
[ Y1 Y1 Y1 Y1 0 0 Y1 0 0 ]
Un Yn Yn Yn 0 0 Yn 0 0
0 Y1 0 Y1 Y1 Y1 0 Y1 0
_ 0 Yn 0 Yn Yn Yn 0 Yn 0
0 0 Y1 0 0 Y1 Y1 Y1 Y1
| o0 o Yn 0o 0 Yn Yn Yn Yn |
Clearly, its sufficient to show the invertibility of D with y1 = yo = ... = y, = 1. We
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examine
1 1 1 1 0 0 1 0
1 1 1 1 0 0 1 0
0 1 0 1 1 1 0 0
0 1 0 1 1 1 0 0
D—-B=
0 0 1 0 0 1 1 1
0 0 1 0 0 1 1 1
Now let
t
V= V11 U1 v v B ) v
cee n 21 - 2n nl nn

be an eigenvector of D corresponding to a zero eigenvalue. We aim to show that V = 0.

Let

B:diaug[b11 e b bor e bay o by

Then for each i,j € {1,2,...,n},

n n
E Vis + g Uy = —bjjvij.
s=1 r=1

T#1

==\

(3.28)

Note that the left hand side of this equation, which we denote by —J\;, is independent of
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j. Hence, for all 4,j € {1,2,...,n} we obtain v;; = IZ\TZJ Using this observation in Eq. (3.28)

we get

Zb Zb Ny Vie{L,2,..n).

This equality can be written in matrix form as

n 1 1 1
L+ X B B || M
1 n 1 1
e Lt le-1m o e || 2]
1 1 n 1
i Bin L o L Xicgs | LM

The coefficient matrix is diagonally dominant along the columns, and hence invertible.

This implies that \; = 0, and so v;; =0. U

Lemmas 3.2.2 and 3.2.3 together complete the proof of Lemma 3.2.1 for the case when
all the entries in the connectivity matrices are strictly positive. This proof can be extended

to general connectivity matrices, as stated in the Lemma 3.2.1 in the following way.

Suppose that some of the entries in the connectivity matrix are zero. Let,

1 if k:llj, kml, k‘% are nonzero,

Ik = [Ik(i,5)]ij=1 suchthat Ik(i,j)= (3.29a)
0 ifkh=k;' =k} =0,
1 if lllj, lwl, lfj are nonzero,

Iy = [IL(3,j)];j=1 such that Ip(i,j) = (3.29b)
0 ifl;=1;"=1%=0

Hence Ix and I are the unweighted connectivity matrices of the reaction network. The

matrices of intermediate variables, corresponding to existing connections, now have the
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3.2. THE GENERAL PROBLEM

Figure 3.4: A hypothetical network for which the reduction described in sections 3.2.4-3.2.5 leads to a
differential-algebraic system of equations. The concentrations of the intermediate complexes appear in a
nonlinear way in the resulting algebraic equations. A further reduction to a form involving only the protein
concentrations is therefore not apparent.

form

Cl¥ = Ix* Cy =1, %O (3.30)

Replacing Cy with C{JK and Cg with C’éE in Eq. (3.20), one can easily check that the
solution of the non-zero entries of C(IJK and C ]IEE does not depend on the zero entries of K1,

Ko, K_1, L1, Lo, L_1. This observation completes the proof of Lemma 3.2.1.

3.2.7 An example network where the above reduction scheme fails

We end this chapter by pointing out that not all enzymatic networks belong to the class we
described. For example, our full reduction scheme does not work for the network depicted

in Fig. 3.4.

This network is a slight modification of the network in Fig. 3.1a). Although the tQSSA

can still be justified (we will see that in the next chapter), the algebraic part of the reduced
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equations cannot be solved using our approach. These equations have the form

0 = (Xr—X,—Ct—Co—Cy)(Yr—Y = Cy— Cy — C) —knCh,
—X =Y,
0 = X,(Yr—Y —Cy—Cy—C)—knC,y,
:Yp
0 = (Ef —CHX,— knCs,

0 = (BEy —CHY — knC5,

which has to be solved for Cy,Cy,Cy, Cy in terms of X, Y. Immediately we run into
problems because the first equation in the above algebraic system is quadratic in the

unknown variables.

To determine whether the reduction scheme described in this chapter is applicable to
a given network one can follow these guidelines:
For each protein exactly one of its form, either phosphorylated or unphosphorylated, can
act as enzyme. Lets label this form of the proteins to be active and the form that is not
acting as enzyme to be inactive. Then, if for each protein, the active form is acting as
enzymes to convert only the inactive form of other proteins into their active form, then

the present reduction scheme is applicable.

o7



Chapter

Validity of tQQSSA in a network

In the last chapter we built a hypothetical network and described the corresponding mean-
ing of tQSSA. In addition to that we showed what simplification one can get if tQSSA is
assumed. To make the story more complete the natural question is when can one assume

the tQSSA. This is the question that we address in this chapter.

The method we use is very much the same as the one used in the derivation of Michaelis-
Menten equation for an isolated MM reaction in Section 1.2. The original equations will
be scaled in such a way that the theorems of GSPT can be applied. Another technical
issue that we will deal here is to show that the manifold, on which the dynamics is being
reduced to, is asymptotically stable. One should note that it is necessary to show this if

one wishes to apply the GSPT.

We have divided this chapter into two main part. In the first part we show that the
slow manifold in stable. In the second part we obtain the necessary scaling to frame the

original equation to the form where the theorems of GSPT can be applied.
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4.1. THE STABILITY OF THE SLOW MANIFOLD

4.1 The stability of the slow manifold

In this section we will show that the slow manifold Mg defined by Eq. (3.19) is always nor-
mally hyperbolic and stable. As we said earlier, this is a necessary requirement because we
intend to use GSPT to justify the validity of the reduction obtained under the generalized
tQSSA. The results of this sections also apply to the slow manifolds that arise in isolated
Michaelis-Menten reaction and the two protein example we discussed in Section 3.1, as

those are particular examples of the general setup.

First we will need some new notations and definitions to simplify the computations.
Suppose that A and B are matrices of dimensions n x k and n x [, respectively. We denote
by [A : B] the n x (k+ 1) matrix obtained by adjoining B to A. We use this definition to

combine the different coefficient matrices, and let
C:= [CU : CtE], Q1 := [Kl : Ltﬂ, Qs = [K_l + Ky : Lt,l +L§]

(Note the ¢ in the subscript of C%, in [Cy : C%] and similarly in other definitions above.

This ¢ stands for matrix transpose.) We also define

U _ UT—P In t
Z = , Z:= I , and Va, = [1 1 ... 1].
E Er 0

2n times

Using this notation the right hand side of Eqs. (3.17a-3.17b) can be written as

U Up— P CtV, I, %« CtV,,
7 — _ T B U n ( U)
Er CgVi, 0
_ I,
= Z-C'W, + xCt |V,
0
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and Eq. (3.17c) can be written as P = P — CVh,. Therefore, Egs. (3.16b-3.16¢) can be

merged to obtain

% =Q1*(PZ") - Q% C. (4.1)

=F(C)
The manifold My, as defined in Eq. (3.19), can now be redefined as

Mo={C eRV? | Q1% (PZ") — Q2+ C =F(C)=0}.

To show that M is normally hyperbolic and stable we need to show that the Jacobian,

0
20 evaluated at Mg has eigenvalues with only negative real parts. We will show that
oF

— has eigenvalues with negative real parts everywhere, and hence at all points of My, a

oC
fortiori.
The mapping F : R™?" — R"X2" i a matrix valued function of the matrix variables
OF
C. Therefore 9C represents differentiation with respect to a matrix. This operation is
defined by “flattening” a m x n matrix to a mn x 1 vector and taking the gradient. More

precisely, suppose M = [My : My : ... : M,] is a m x n matrix, where M ; is the jth

column of M. Then define

M,

— M'2 mnx1 AT o s mnxmn

vec (M) := e C , and M := diag(vec(M)) € C .
M,

(4.2)
Therefore, vec (M) is obtained by stacking the columns of M on top of each other, and M

is the mn x mn diagonal matrix whose diagonal entries are given by vec (M).

Suppose G : CP*? — C™*" is a matrix valued function with X € CP*? — G(X) €
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C™>™_ Then the derivative of G with respect to X is defined as

oG  Ovec(G)

X "~ dvec(X)’ (43)

where the right hand side is the Jacobian [42]. In the appendix we list some important

properties of these operators which will be used subsequently (see Appendix B).

A direct application of Theorem B.4 yields

OF _ Ovec(F)
oC — Ovec(O)

dvec (PZY)  ~ dvec(C)

= @ dvec(C)  “Pdvec(C)

We first assume that all the entries in the connectivity matrices are positive, so that
all entries in the matrix C' are actual variables. At the end of this section we show how to

remove this assumption.

Replacing 9 vec (C')/d vec (C') with the identity matrix, Ip,2, adding Qs to both side,

using Theorems B.1, B.2,B.3, B.4, and treating P and Z as independent of C' we obtain

~ Ovec(F) = O vec (P) dvec (ZY)

@2 + dvec(C) @ <Z®In>8vec(0)+(12n®P) 8vec(C)]
] Dvec (CVi) dvee (((C* =13, % ") V2)')
= @ _(Z®In)8VT(C)_(I2n®P) dvec (C)
Rl dvec (CVay) dvec (VEC — Vi((I3,)" + C))
= Qe Ty e ) Frec(0)
- O|-@on) e L5

dvec (VEC)  dvec(VE((I3)' )
~ (2 P) { dvec(C) 0 vec (20) }

_ @[ (28, @ 1) = (T @ P) { (Ion © V) = (B0 @ Vi) (13, }

_ [ (ZV4, @ 1) — (Iza ® PV;!) + (I2n @ PV} (/Iéﬁ}

o —

0 [V 0 1) + (12 P (e - TBT)]
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L —

Here (I},)! is the matrix obtained by applying the hat operator, defined in Eq. (4.2), to

the transpose of I5,.

This computation shows that the Jacobian matrix of interest has the form

J = g% =-Q1 |(2V4, @ I,) + (Ion @ PV}}) (I2n2 - @)] ~Q2 (49)

The following Lemma shows that this Jacobian matrix always has eigenvalues with negative

real part.

Lemma 4.1.1 Suppose Z € Ri”“ s a 2n dimensional vector with positive entries, Y €
RQL_Xl is an n dimensional vector with positive entries, A,I" € R20*x20% gpe diagonal matri-
ces with positive entries on the diagonal. Further assume that R, and Rs, are row vectors

of size n and 2n respectively with all entries equal to 1. Then the 2n? x 2n® matriz
J=A|(ZR2, ®I,) + (12, ®Y Ry,) <-[2n2 — (Ign)t>] +T (4.5)

has eigenvalues with strictly positive real parts.

This Lemma applies to connectivity matrices with strictly positive entries. In Section 4.1.1
we show how to generalize the Lemma to the case when the connectivity matrices contain
zero entries. In this case only the principal submatrix of the Jacobian, J, corresponding to
the positive entries of the connectivity matrices needs to be examined. Since this principal
submatrix contains all the non-zero element of .J, the result follows. We therefore obtain

the following corollary.
Corollary 4.1.2 The manifold My defined in Eq. (3.19) is normally hyperbolic and stable.

We first prove the above Lemma under the assumption that Ky, Ko, K_1, L1, Lo, and
L_4 are strictly positive. At the end of this section we show how to generalize the proof

to the case when some of the reactions do not occur.
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First we start with a preliminary lemma.

Lemma 4.1.3 Suppose Z € Ri"“ s a 2n dimensional vector with positive entries, Y €
R is an n-dimensional vector with positive entries, and U = [@j], T = [ij] € RMx2"
real matrices with positive entries. Let A € C be a complex number with nonpositive real
part. If V = [v;;] € C"™2" is a complex matriz that satisfies the following system of linear

homogeneous equations,

2n n > ;
1 1 Vi; N 1<1<n,
- Z Vis + - Z 'Urj = %ZJ‘ (A — 'Yz'j) Uij, (4.63)
Yi's=1 %= Yizj 1<j<n,

r#j -

2n n > .
1 1 iy N 1<i<n,
- Z Vis + . Z Urj = 74”4 ()\ — Vij) Uij7 (46b)
Yi s=1 % r=1 Yizj n+1<5<2n,

then V is the zero matriz.

Proof: Let V = [v;;] € C"*?" satisfy Eq. (4.6). We will show that v;; = 0 for all i, j.

Let
2n Z?:l vij? 1 S j S na
Ri = Zvi]’, 1 S ) S n, Cj = 7
=t Yiqvij, n+1<j<2n.

Then Eq. (4.6) can be written as

1 1 ij N 1<i<mn,
—Ri+ —Cj = —= (A = 7%ij) vij,
Yoo A Yi%i 1<j<2n,
Setting a;; = ;:ZZJJ (A —7i;), we have
1 1
R; + Cj:vij, 1<i<n, 1<5 < 2n. (4.7)
@ijYi Qij2j
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By summing Eq. (4.7) over i and j separately we obtain the following system of linear

equations in the unknowns {R1, Ra, ..., R,, C1,Cs, ..., Coy,}

2n 2n

1 1 1 .
R;— — + Ci=R;, 1<i<n,
) Qi s
Yi -1 Y j=1 7+
n n
1 1 1 .
> Ri+Cj—) —=0Cj, 1<j<2n
"y Py a;;
=1 Yi%i Ti=1 "4
Eq. (4.8) can be written in matrix form as
[ 14 1s2n 1 1 1
1+ y1 “—J=1 ay; z1a11 22n,01,2n
1ol y2n 1 1 1
1+ yn —I=1 an; z1an1 T 22nan,2n
1 1 _ I L O
y1a1yl T Ynanl 1+ z1 ~~i=1 a;
1 1 _ 15w 1
Yy1a1,2n e Ynan2n 1+ Z2n i=1 @i, 2n 4

(4.8a)

(4.8b)

Con i

(4.9)

We next show that the the coefficient matrix, A, is invertible. This will imply that

R; =C; =0, Vi,j. This, together with (4.7), will force v;; to be zero and we will be done.

To show the non-singularity of A it is sufficient to show the non singularity of the

product of A with a non-singular diagonal matrix

A

Yn

21

22n
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4.1. THE STABILITY OF THE SLOW MANIFOLD

. o 1 a1 1
y1 + Z]:l ayj all Tt ai1,2n
_ o 1 1 1
Yn + ijl Anj anl o an,2n
1 1 n 1
an e ant D
1 1 n 1
L a1,2n e an2n “2n + Zi:l ai2n |
=X

Note that X is a complex symmetric matrix (i.e. X = X*). To show the non singularity of
X, it is sufficient to show that X has no zero eigenvalue. Assume that « is an eigenvalue

of X and u € R3" a corresponding eigenvector. Break X into two Hermitian matrices,

X+X* X-X*
2+ 4 S =S+,
1

;:S =T

X

where X* is the conjugate transpose of X). Then,
alu,u) = (Xu,u) = (Su,u) + i(Tu, u).

To show that « is not zero, it is sufficient to show that (Swu,w) is not zero for any 0 # u €
R3". Note that, since S, and T are Hermitian, the terms (Su,u) and (T'u,u)) are always

real.

. . . . Xii+X Xii+Xi;
But since X is a complex symmetric matrix, S;; = ”; L = ”;r 2 = Re(Xyj),

where S;;, and X;; are the (7,7)-th entries of the matrices S and X respectively, and Xij

is the complex conjugate of the complex number X;;, and Re(X;;) is the real part of Xj;.
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4.1. THE STABILITY OF THE SLOW MANIFOLD

Therefore,
i 2 1 1 1 ]
*y1+zjilReﬁj Re = Re oo
2 1 1 1
—Yn + Z]‘ZI Re Er Re an1 T Re an,2n
S =
1 1 1
Re ;7 . Re —z1+ > Re o
L Re a1,12n T Re an:,l?n —z2n + 3, Re ai,lzn |
Recall that a;; = :)ZZJ (A —7ij). If the real part of A is nonpositive then the real parts of
i 2]

a;; are negative. This implies that Re % < 0 for all ¢,5. In turn, this implies that S is
diagonally dominant, and all the eigenvalues of S are negative and real, since S is a real

symmetric matrix.

Therefore (Su,u) < 0 for all u € R3", and a cannot be zero. This implies that X is
invertible, which further implies that A is invertible. So, R; = C; = 0 for 4,j. Eq. (4.7)

therefore implies that V' =0. O

Now we are ready to prove the claim that the slow manifold, arising in the general

setup, is always normally hyberbolic and stable.

Proof of Lemma 4.1.1:

Proof: We will prove the lemma by contradiction. Let

21 1

zZ2 Y2
Z = , Y =

Z2n Yn
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4.1. THE STABILITY OF THE SLOW MANIFOLD

Then
21 2 21 ol oy, 211y,
29 29 29 zol, 291, 2ol
ZRop @ I, — ®1, = ,
2on  R2n 22n 2ondn  zonIn zondn

2n block columns

_ (A (7 [ YR, _
In®@YRa=Iaw | 0 0" = Hin
| Yn Yn yn || YR, |
=YR, 2n block columns
Let R,(f) =1 ... 1 0 1--- 1 | bearow vector with a zero in the i-th place and

1s everywhere else. Then,

yRWY

(In @ YRy,) (IW _ 1/5;1}) _ Y R™

YR,

YR,

2n block columns

Therefore,

—

ZRon @ I + (Ion @ Y Ry) (Lo — I3,

67



4.1. THE STABILITY OF THE SLOW MANIFOLD

21Dy, + YRS) o2y, 211y, o2y,
2l . I+ YR | 20, ozl
Zn+1In e Zn+1In Zn+1In + YRn e Zn+1In
zondn oo zondn zondn . zondn + YR,
Let
AD r
A® @)
A= , I'= ,
A(2n) r2n)

where A®) T*) | {1,2,...,2n} are n x n diagonal blocks of A,T" respectively. Hence

A | A
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4.1. THE STABILITY OF THE SLOW MANIFOLD

where
[ AD L AOYRD 47O A0
AH = )
2y A oz A L AMY R 4 p(n)
[ LAD AW
App = : IR ;
2o A 2 A
[ L AGHD A
Aoy = : U ;
ZQHA(QTL) e Z2nA(2n)
| 2ot AT L ACHDY R 4 TOHD Al
A22 =
2on A2 oo 29pACY L ACY R4 DD

Let A be an eigenvalue of J, with a corresponding eigenvector

v ng)
V@ o)

V= eC where VW = | ? | eCmke{1,2,..,2n}.
v(Qn) ’Uék)

We will show that vl(k) = 0 for all [, k. By definition of eigenvalues and using the block
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4.1. THE STABILITY OF THE SLOW MANIFOLD

structure of J we get

2A0 Y2 y0) 4 AOYRPYD 4 TV AV
A Y2 Y 6) 4 AMY RV ™) 4 Ty AV
Zn+1A(n+1) Z?il 1740 + A(n—‘rl)Yan(n—‘rl) + )/ (n+1) AV (nt1)
2on A(21) 23221 V@) 4 ACYY R V(20 4 En)y(2n) AV @n)

Looking at the above equation row by row we get

2n

AP VO LAWY RPY R L TRy ® = Av® ke {1,2,..,n}  (4.10a)
j=1
2n '
AN VO L ARy R VE L TRYE = AV ®) ke {n41,...,2n}
j=1

(4.10D)

Note that Eq. (4.10) is still in matrix multiplication form. Writing it further in terms of
each of its rows, for each k € {1,2,...,2n} and [ € {1,2,...,n}, we have (For notational

simplicity let (A(k))_1 = wk) )

2n n (k)
1 G 1 (k) ! *) , (k)
— v+ — v = — (A= vy, kedl,..,n}, 4.11a
yz; l Zkhz_l h yle( M ) ! { } ( )

h#l

2n n (k)
1 G0, 1 (k) ¥ ®)Y , (k)
— v+ — v = —— ([A— v, ke{n+1,...,2n}. (4.11b
3/1;1 Zk;h Z/zzk( K )l { } ( )

Now, Lemma 4.1.3 applied to Eq. (4.11) immediately yields that vl(k) = 0 for all [, k.
This implies that the real part of A cannot be nonpositive. This completes the proof of

stability of J. [
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4.1. THE STABILITY OF THE SLOW MANIFOLD

4.1.1 Stability of slow manifold in the absence of some connections

Lemma 4.1.1 show that the slow manifold defined by Eq. (3.19) is normally hyperbolic and
stable when all entries in the connectivity matrices are positive. We next show how to

extend the result to the case when some reactions are absent.

Recall the definitions of the unweighted connectivity matrices, I, I7, and the associ-
ated matrices CéK and Cg given in Egs. (3.29) and (3.30). Let I+ be a n x n matrix with
ones at the places where L, L%, L' | are non zero and zero where L}, L5, L' | are zeros.

Now, recall the definition of C in Section 4.1 and define

COZ|:IU ILt:|*C

Then, in the sense that we only need to differentiate along the coordinates corresponding

to positive connections, one can formally write

~ Odvec (Cp) _ Ik 0 (4.12)

0 I

Iy = ——=
07 dvec (Co)
Replacing C' with Cy in the definition of F' and repeating the whole process of finding

the Jacobian of F', now with respect to Cp, and using Eq. (4.12) we obtain the new Jacobian

_ Ovec (F(Cy))

= = IyJ]
Jo dvec (Cp) o/ 1o,

where the matrix J is the Jacobian matrix given in Eq. (4.4). If the connectivity matrices
have zero entries, then Iy will have zero entries in the diagonal. Therefore, some eigenvalues
of Jy will be zero. But, this does not affect the stability of slow manifold because we only
need to look for the stability along the directions of intermediate complexes that occur in
the reactions. That is, we only need to look at the principal submatrix of Jy corresponding

to the positive entries in the diagonal of Iy. Let this principal submatrix be JJ . But, since
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

Iy Jolyp = Iy J Iy, we see that Jar is also a principal submatrix of J. And Jar is independent
of zero entries in the connectivity matrices. Since Lemma 4.1.1 implies that, when all
the entries in connectivity matrices are positive, J has eigenvalues with only negative real
parts, we get that Jar will have eigenvalues with only negative real parts. We conclude

that the results hold even if some entries in the connectivity matrices are zero.

4.2 Validity of the tQSSA in the general setup

In this section we will describe the scaling we use to cast the original equations in to a
form where GSPT can be applied. First we will revisit the isolated MM reaction case and
describe the scaling in that. Then we will discuss how this scaling extends to the network

we are studying.

4.2.1 Another approach for validity of tQSSA in isolated MM reaction

It should be noted that we have a certain degree of freedom in scaling of variables. We found
that an informal method called pairwise balance, developed in [17,59] can be extended to
the network we have in mind. Let us first describe this method for simplest case of isolated

MM reaction.

We define a new set of dimensionless variables as

t X
= —, x — ﬂ
Ty

e(t) = g) (4.13)

T

Eq. (2.4) has the following form in the new variables
dx ko3

= = _T=C 4.14
dT X XT C’ ( a)
d XrZ+ Er +k 2
b de o Xr@AEBrdkmg B o (4.14b)
k\Tx XrEr dr X7Er XrEr
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

We have some freedom in defining § and T, and we follow [17,59] in obtaining a particular
choice. We choose [ and Ty so that the coefficients of the right hand side of Eq. (4.14a-
4.14b) are of order one in magnitude. Since T is order one, the coefficient of ¢ in the right
hand side of Eq. (4.14b) is of order %ﬂrkmﬁ. Also, because all the variables being
scaled in such a way so that they are restricted to order one region, the linear terms will
dominate. It follows that a proper choice of 3 is

XrEr

ﬁ:XTJrET—Hcm'

(4.15a)

Once we know the value for 3 we can prescribe the value for Ty by requiring that the
coefficient of ¢ in the right hand side of (4.14a) is of order one. This implies that

X
ko5’

The definition of T’y implies that TX% = 1. Also, the way (3 was defined implies that all

Ty = (4.15b)

the coefficients on the right hand side of (4.14b) are bounded above by 1.

Hence, if the parameters are chosen such that the right hand side of (4.14) is always of

order one magnitude then tQSSA should hold in the limit

e Bk Er
’ leXXTET kq (ET + X7+ k’m)2

— 0

A simple lemma below shows that an elegant way to control the € can be to make the ratio
of Er and Van Slyke-Cullen constant [67], k2/k11 too large or too small. That is € — 0 in
either of the following two limit

Er 0, or Er
— 0, — 00
kg/kl k'2/k1

Lemma 4.2.1 (Bound on €): If k1,ko,k_1,e,x € Ry, then

ko e < kie ko

€:= —
ki e+ + 2H2)2 = (kie + ky)?

1
< -.
— 4
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

Proof: Since k1, ko, k_1, e,z are all positive,

ko e < ko e kie ko

ki(e+at itk = ki(et 2)2 7 (ke +k)?

Since for any positive number s, s + 1/s > 2, we obtain

k’1€ kQ

1
O e
ko kie

o |

This bound is sharp because for ky = 1, ko =1, k.1 — 0, e = 1,z — 0 we obtain

e—1/4.

Note that the above expression for € is same as the one obtained by Borghans, et al.
in [6] (see section 2.2.1). But the pairwise balance method we have used does not suffer
from self consistency and we will see that this method can be extended from isolated MM

reaction to the network setup we have in hand.

4.2.2 Validity of the tQSSA for two interacting proteins

In this section we will see how the change of variables discussed in the previous section

extends to the two protein example we discussed in Section 3.1. Recall that using Eq. (3.3)
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

in Eq. (3.1) yields

dx,
dt
dy,
dt
dc,
dt
dc,
dt
dce
dt
dCe

dt

= kyCyp — ko CC,

= kaCly — kCE,

= k(X7 — Xp — Co) (Y — Cop — CF) — (k—y + k2)C,y
= ki(Yr — Yp - Cy)()_(p —Cy = C7) = (k-1 + k2)Cy,
= k1(X, — Cy — CO(ET — C8) — (k_1 + ko)CC,

= k1 (Y, — Co — CL)(E3 — C5) — (ko1 + ka2)Cf.

)

(4.16)

And recall that the assumption that Cy, Cy, Cf, Cy, equilibrate quickly in above system is

what we call the tQSSA in this example. To reveal the asymptotic limits for which the

tQSSA holds, we again rescale the Eq. (4.16). In particular, Xp and Yp are scaled by the

total concentration of the respective proteins. To scale the intermediate complexes, each

MM reaction in this network is treated as isolated. The scaling factors are then obtained

analogously to § in Eq. (4.15a). Let

Qg =

=

and

XrYr - XrYr
Xr+Yr+ky,’ YU X+ Yr 4k
XrET ge YrEL
XT—FE?—}—km’ v YT+Eg+km’

{ Xr Xp Ypr Yr }
T, := max

koo kaofs kacy,’ ko3

Therefore, Ty is obtained analogously to Ty in Eq. (4.15b). The reason for choosing the

maximum will become evident shortly. The rescaled variables are now defined as

S A PN A1)

T = i7 Tp(r) = X, Up(T) == Yy

)= = G e S g
T Y T
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

Using Eq. (4.17) in Eq. (4.16) we obtain

dz,  koa,Ts kofB5Ts
— = — , 4.18
dr ~ Xp O Xy o (4.182)
7 koSBT,
dip _ kaoyTy | KByl o (4.18D)
dr Yo Yr Y
= = s Qg = Qg 55 e Qg 7 55 € 7 043 2
p & [yp TpYp — X Callp = v Ce — vy + Yo CaTp + Yy CyTp + X7 Co
ki X7YrT, dr B
ST e - e,
S€g
(4.18¢)
[— _Bie oy gy Bien L% Qs +%ﬁ§i» e
Qy dey 1P~ Xp% T Xp % T WpYp T Xy Gl T XS T v Gt T Xy G2y
k1 XrYrT, dr N ol 9 km
\7—8’ +XT1§/T y ;'UTYT Cy]’
S€Ey
(4.18d)
6; dccen = ; (5 ; e Qy (55)2 e\2 ayﬂxe e ﬁgkm e
—_— =T, — - — ¢y + + - ,
RXrETT, dr 7T BT T Xy T X T ETx, ) T ETX, T BT,
N——
<es
(4.18e¢)
ﬁ; dCZ:— _ ﬁscey —%C _ice_i_ al’ﬁsc € + (ﬁ§)2(ce)2_ ﬂ;kmce
M EIYrT, dr 7P EFVP vt Yr ¥V ENyy UV EIveV  Efvp Y
—_—
<e
(4.18f)
where
]{32 Yr k? X
€x = 7 ) €y 1= — ,
¥ ki (X7 +Yr + km)Q Y ki (Yr+ Xr + km)2
e ko ET e ko ET

€

€

Tk (X 4 BT + k)2 VT ky (Yr 4 BT 4+ k)2

The bounds on these coefficients follow from the definition of Ts. Since (1/7s) < (ko /XT),

ar  _ky_of _ky 1 XrYr >
W XrYrT, — ky X2Yr ke X2Yr \ X7+ Y + k) °
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Similarly,

L<e L<66 and 7§?<€e
ki XrYrTy = Y kXpEIT, =% '

Finally, we define

€:= max{ex,ey,ei,ez}. (4.19)

The definitions of scaling factors in (4.17) imply that all the coefficients on the right hand
side of (4.18¢c-4.18f) are O(1). Therefore, in the asymptotic limit ¢ — 0, Eq. (4.18) defines
a singularly perturbed system. Since the two equations are related by the scaling given in

Eq. (4.17), we can conclude that in the limit € — 0, the tQSSA is valid.

We have already proved in Section 4.1 that the slow manifold arising from these net-
works are in general normally hyperbolic and stable. Since the two protein of this subsection
is a particular class of the general network, the stability and normal hyperbolicity of its

slow manifold follows from the general discussion in Section 4.1.

4.2.3 Extension of scaling from two dimension to several dimension

We next investigate the asymptotic limits under which the tQSSA is valid in the general
setting. We follow the approach given in the previous sections to obtain a suitable rescaling
of the variables. While this rescaling does not change the stability of the slow manifold,
My, it allows us to more easily describe the asymptotic limits in which the timescales are

separated, and the system is singularly perturbed.

Recall that Eq. (3.16) and Eq. (3.14) are equivalent. The concise form given in
Eq. (3.16) was useful in obtaining a reduction and checking the stability of the slow man-
ifold. However, to obtain sufficient conditions for the validity of the tQSSA, we will work

with Egs. (3.14) and (3.15).
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

Let 17 := (I;;" 4+ 12)/li;, k' = (k;;' + k2)/k}; denote the MM constants. Then the
following scaling factors are natural generalizations of those introduced in Section 4.2.2,

EIUT vt

— = € {1,2,...,n}.
EF+Ul 17 YU+ U+ kD i ed !

Bij =

Note that for each pair (i, j) either all of k}j, k. ]1, kfj are all zero or all nonzero. In the case

that k}j = k:l-;l = k% = 0 we define £} := 0. Similarly, if ll-lj = l;jl = l?j = 0 then [J7 := 0.

Let
UT UT Ul
Ty := max < max max =2 for some ig, jo € {1,2,...,n}.
{ {lzjﬂw } {k a7«7 }} li20j0/6i0j0
We next define the following dimensionless rescaling of the variables in Eq. (3.14)
t _ (t) CH(t) o HONE
T=—, and Pi(7)= ,och(r) =212, &(r)=—2—=, i,je{1,2,..,n}.
TU pl( ) T 1]( ) aij 1) ) /Bij J { }
(4.20)
After rescaling, Eqgs. (3.14) take the form
dp; . - k2 amU]tZ; o ﬁm -
dr Z B; UT Crj — B; UT Crj (4.21&)
r=1 ’LO]O 0o 'Lo]o 2070
L dc% = 1—=c5
1 ETUTTU dr v
Z EZ;C?S —Tj— T Z BT] rj T Zajscjs
s=1 J r=1
s#j i =1
1
— 7 U Zj+ Z ﬁrjcm + Z ajscjs
J
T#’ 9#1

1 T~ e - “ - o | Biscs;
T U; zj + Zﬁrjcrj + E :O‘jscjs + Zﬁiscz’s ET
=1 = S;l )

(2

r= S=
i v s
2
N (Bijes;)
1T
ETU’

(4.21¢)
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The rescaled form of Eq. (3.14b) is similar to the rescaled form of Eq. (3.14c), and we
therefore omit it. If we define

k2, ur G ET

1 e 1

=21 T T 2’ ST 71 (T T | jmy2’
ki; (U +U; + k)2 L (B + U7 +17)?

€ij
and let
€ 1= max {max {eij} , max {6%}} : (4.22)
z?.] 7/7‘7
then the following theorem defines the conditions under which Eq. (4.21) defines a singularly

perturbed system and, hence, conditions under which GSPT is applicable.

Theorem 4.2.2 If for all non-zero kz-lj, k?j, k:i;l and for all non zero lilj, l?j, li_j1 and for all

Ul ET
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e
—

!
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w
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in the limit € — 0, then Eq. (4.21) is a singularly perturbed system with the structure of

Eq. (1.1). In particular, the p; are the slow variables, and the c;; and c;; are the fast

variables.

Proof: For each i there always exist indices r, s such that kfl # 0 # k:gz Hence, the the
right hand side of Eq. (4.21a) is not identically zero for any i € {1,2,...,n}. Furthermore,
by assumption all coefficients on the right hand side of Eq. (4.21a) are O(1) as ¢ — 0. This

implies that e times the right hand side of Eq. (4.21a) is identically zero, in the limit € — 0.

Secondly, the definition of 3;; implies that all coefficients on the right hand side of

Eq. (4.21c) are less than or equal to 1. Also, by definition, at least one coefficient has value

79
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exactly equal to 1. Hence, the right hand side of Eq. (4.21c) is not identically zero in the
limit € — 0.

€
dcij

The definitions of e, ayj, Bij, Ty imply that coefficients of —2 in Eq. (4.21c) are less

than or equal to €. For example

Bij 1 Bij l?jﬁia’ _ e o<
e Ty Tl ol YT

Hence, in the limit € — 0, the left hand side of Eq. (4.21c) vanishes while the right hand
side does not. To conclude the proof we only need to show the stability of the slow
manifold in rescaled coordinates. But we have already shown that for unscaled coordinates
in Section 4.1 and a non-singular scaling of variable, as in Eq. (4.20), will not affect the

eigenvalues of the Jacobian. [0 Hence, under the assumptions of the above theorem,

Eq. (4.21) has the form of Eq. 1.1. Hence, switching back to unscaled variables we conclude
that in the limit € — 0, tQSSA is valid, i.e. the reduction from Eq. (3.16) to Eq. (3.18) is

valid.

4.2.3.1 The assumption of zero initial concentrations of intermediate com-

plexes and the choice of scaling

Before concluding, we discuss the significance of zero initial concentrations of intermediate
complexes and the benefit of the choice of scaling we used to verify the asymptotic limits
in which the system is singularly perturbed. Proposition 4.2.3 below proves that if the
reaction starts with zero initial concentration of intermediate complexes then the solution
of both Egs. (3.16) and (4.21) are trapped in an O(1) neighborhood of the origin. Hence,
separation of time scale in Eq.(4.21), implied by Theorem 4.2.2 can be used to obtain the

reduction of Eq. (3.16) given by Eq. (3.18). This is important, since GSPT would not be
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4.2. VALIDITY OF THE TQSSA IN THE GENERAL SETUP

applicable if the rescaling were to send O(1) solutions of Eq. (3.16) to solutions of Eq. (4.21)

that are unbounded as ¢ — 0.

Proposition 4.2.3 The (2n? 4 n)-dimensional hypercube Q defined by
Q = {{ﬁl}u{C%}f{CZ} | 0 S ﬁl S 17 0 S CZ’ S 27 0 S ij S 27 V/Lm] € {1525 "'5”}})

is invariant under the flow of Eq. (4.21).

Proof: By the construction of the differential equations from the Law of Mass Action,
all the species concentration variables can take only non-negative values. This together
with the conservation constraints (3.11b) force the P; to take values between 0 and U .

Therefore 0 < p;(7) < 1, V7 > 0, provided the initial conditions are chosen in €.

Positivity of variables also implies that cf(7) > 0, ¢f;(7) > 0 if the flow starts inside

Q2. So we only need to show that ¢j;(7) < 2 and ¢f;(7) < 2. It is sufficient to show that

det deg, 40 40,
;;7 <0, and 5;’ < 0, or equivalently that — < 0, and —* <
ciuj =2 C?j =2 05220[“ CE:Qﬂij
0. But
dc¥.
J . 1 7T -1 2 U
ij g
n n n
- wf(r-Ser- o) (r-n-yen)
s=1 r=1 r=1
—1 1.2 \U
_(kij +kz‘j)cij
Cg=2az‘j
< ki (PP = 2a45) (Uj — 2aij) — (ki + k)20
1 T T
— kL [(PF = 2055) (UT = 20i5) — K20]
< 0.

Similarly we can show that Cg is decreasing when Cg = (;j. This concludes the proof.

O
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From this we conclude that the assumptions of Theorem 4.2.2 and the zero initial values

of intermediate complexes together imply the tQSSA.

Finally, we combine the results of Section 4.1 with Theorem 4.2.2 and Proposition 4.2.3

to obtain the main result of this study.

Theorem 4.2.4 If the parameters of Eq. (3.12) are such that assumptions of Theorem 4.2.2
are satisfied and the initial values of intermediate complexes are zero, then the tQSSA holds.
For € defined by Eq. (4.22), there exists an €y such that for all 0 < € < €, the solutions
of Eq. (3.16) are O(e) close to the solutions of Eq. (3.18) after an exponentially fast tran-
sient. Eq. (3.12) can therefore be reduced to the n-dimensional Eq. (3.22) involving only

the protein concentrations, P;.
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Chapter

Linearization of Michaelis-Menten

differential equations

In this chapter we show that a particular class of non-linear dynamical system, with non-
linearities represented by Hill-functions, can be approximated by a piecewise-linear dynam-
ical system. This linear system is naturally determined from the structure of the original
system. The approximation can again be explained on the basis of the GSPT. Successful

application of this theory on two simple examples are also presented.

5.1 Introduction

Ordinary differential equations are commonly used to model interactions between enzymes,
proteins, and genes. Such interactions are frequently described using sigmoidal functions.
A particularly common choice is the Hill function, f(x) = 2™ /(z"+J"), and its variants [2].

The resulting systems of ODEs are generally not tractable analytically. This is particularly
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5.1. INTRODUCTION

important for large networks, where the potential complexity of the dynamics, and large
number of parameters may make the system difficult to analyze using only numerical

methods.

While the ODEs describing such networks are inherently non-linear, they can be treated
analytically in certain limits. In particular, the approaches that have been proposed to
analyze models of gene interaction networks can be broadly classified into three categories:
Quasi-Steady State Approzimations (QSSA), Piecewise-Linear Approximations (PLA) and

discretization of continuous time ODEs [55].

In the previous chapters we have described how to extend the QSSA approximation to
a network level [38]. Here we will be primarily concerned with PLAs. In particular, we
show that in certain limits interactions between network elements become switch—like, and

more tractable [2,13].

We introduce a class of network models that are well-approximated by piecewise-linear
differential equations in certain limits. Similar approaches have been used in different
contexts. In a recent study piecewise-linear functions of the form developed in [22] have
been shown to be well suited for the modeling of genetic regulatory networks [9]. More
results regarding generic properties of this simplification can be found in [33, 54]. The basic
idea behind such reductions is to approximate a Hill function by a Heaviside function. As
the Hill coefficient, n, increases, the regions within which the Hill function changes value
from close to 1 to close to 0 become thinner. These regions partition the domain in such
a way that for each block a fixed set of coordinates are away from the thresholds of Hill
functions and the remaining coordinates are near the thresholds. Then the Hill functions
corresponding to the coordinates which are away from the thresholds are treated as known

parameters, either 0 or 1. This leaves the Hill functions corresponding to the coordinates
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which are near thresholds. But in this region it is reasonable to assume that the values of
the Hill functions change very rapidly. With this assumption the Hill functions are then
introduced as the new variables. This induces a differential equation with fast variables
as Hill functions and the slow variables as the the coordinates which are away from the
thresholds. Then one proceeds like one would in any standard QSSA like argument. In the
the limit of large Hill coefficient, the fast variables will be assumed to reach their steady
states instantaneously. These steady states will be some function of the the coordinates
which are away from the thresholds. Hence, for each block one gets a closed form differential

equation only in terms of the coordinates which are away from thresholds.

Here we take a similar approach, but work in a different limit. We again start with the
Hill function, x™/(z™ + J"), but consider the limit of small J, rather than large n. The
subsequent results hold for any fixed n. For the sake of simplicity we therefore assume
n = 1. Thus the network interactions are modeled by functions of the form x/(z + J)
(activation) or (1 — x)/(1 —x + J) (repression). Equations involving this special class of
Hill functions are known as Michaelis-Menten equations, where J is the Michaelis-Menten
constant [11,13,24,43]. There are many examples of such models of which we only list a
representative sample [13, 23,40, 49, 50,64] The results in this paper are obtained in the
asymptotic limit of small J, 0 < J <« 1. Recently the asymptotic limit J — 0 was
considered in a reduction of a protein interaction network to a Boolean network [13].
However, we are here concerned with a rigorous justification underlying such reductions,

as well as examples with dynamically rich behavior.

Remark: The theoretical justification of the use of Hill functions, like the Michaelis-
Menten differential equations, is debatable. But the subject of this chapter is not the

biological phenomena modeled by the differential equations, but the differential equations
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themself.

The main idea behind the reduction we propose is simple. For example, suppose we
want to get rid of the non-linear term, say f(x) = z/(x + J). When 2 > J = 0 then
f(x) =~ 1 and when z ~ 0 then we use x = 0 to eliminate the non-linear terms. This
induces a natural decomposition of the domain into a nested sequence of hypercubes such
that for each level of nesting we get a separate linear equation. The examples in the next

section will make this idea more clear.

We proceed as follows: In Section 5.2 we illustrate our approach in some simple exam-
ples and provide numerical evidence for the validity of our claim. In Section 5.3 we describe
a general class of differential equations which subsumes these examples. Furthermore, in
this section we justify our approach mathematically using GSPT. At the end of the chapter

we discuss some limitations of these reductions.

5.2 Example problems

In this section we demonstrate the reduction methods heuristically with two simple ex-
amples. We provide a mathematical justification for the different steps in the subsequent
section. First, consider two mutually repressing elements within a biological network. Such
biological toggle switches have been discussed widely [13,18,64]. Let u; and ug represent
the activity of each element, respectively. Suppose these variables can take values only
in the interval [0, 1], where u; = 1 means the maximum activity of the i-th element and

u; = 0 means no activity of the same element. The mutually repressing activity of these
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two elements can be modeled by the following system of differential equations

duq 1—wu Ui

— =0.5 — U9 ,

dt J+1—ug J+u (51)
dUQ 0.5 1_U2 u9 ’
— = U. — U

dt J+1—us 1J—}—’LL27

where J is some positive constant. From the very structure of Eq. (5.1) it is clear that its

solution will remain in the cube [0, 1]? = {(u1,u2) |0 < uy,us < 1} (see Proposition 5.3.1).

We show that, in the limit of small J (0 < J < 1), this non-linear differential equation
can be approximated by a piecewise-linear differential equation defined as follows: When
J is small, and x is not too close to zero the expression z/(J + x) is approximately unity.
More precisely, we choose a small positive number § > 0, which will be dependent on J.
This ¢ will measure the closeness of any coordinate to the boundary. When z < ¢ we

replace z/(J + x) by 1, and when 2 > 1 — § then we replace (1 —z)/(J+1—z) by 1.

With this convention in mind we will break the cube [0,1]? into several subregions
where one or more rational expressions from the right hand side can be eliminated. For

example let
RY = {(u1,u2) €[0,1*|6 <uy <1—Fand § <uy <1—5}. (5.2)
Then, Eq. (5.1), restricted to RY can be approximated by the linear differential equation.
duq dus

If one of the coordinate is near the boundary, while the other is in the interior, the approx-

imation is different. For instance, let
RY = {(u1,u2) €[0,1*|u; < and § <uy <1—6}. (5.4)
In this case we are forced to keep the nolinear term wuy/(J + u1), and the approximation

87



5.2. EXAMPLE PROBLEMS

in this region has the form

dU1 (3]

— =05— 5.5
dt T (5.52)
dU2

— =0.5 —uy. .5b
o =05-u (5.5b)

This equation can be simplified further. Since w; is near the boundary, and the boundaries
are invariant, it’s derivative must be small. We therefore set % = 0 in Eq. (5.5a) and
u; = 0 in Eq. (5.5b) to obtain

at

0=0.5-—
u2J+u1

) (56&)

dUQ

— =0.5. 5.6b
i (5.6b)

Note that Eq. (5.6b) is linear and decoupled from Eq. (5.6a), while Eq. (5.6a) is an algebraic

system which can be solved for u;.

A similar reduction can be obtained in all other parts of the domain [0,1]2. In each
subregion we obtain a linear equation for the variable(s) which is away from the boundary.
Variable(s) near the boundary are assumed to be approximately in steady state, and that

lead to algebraic equations which can be solved in terms of the interior variables.

In Table 5.1 we list all the subregion of [0, 1] and the differential-algebraic system that
approximates Eq. (5.1) within the respective subregion. Each approximate solution has
the potential of exiting the region within which it is defined, and entering another region.
The global approximate solution of Eq. (5.1) is obtained by concatenating entries from
Table 5.1. Fig. 5.1 shows that the approximation can be very good when J is small and
is chosen appropriately. In general the global solution will be discontinuous. The reason is
that as soon as the solution enters a new region, the solution jumps to the manifold defined
by the algebraic part of the linear differential algebraic system corresponding to the new

region.
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Region’s name U1 U Approximating linear system
" 1 ’ iz — 0.5 —u
— _Tour
R} w>1-6 |s<up<i—g|, 0 = OPmim —u
=2 = 0.5
dt
2 S<u; <1-—96 1_5 T = 05
R — _ )
° e 1z = 0 = 05779 —u
. _ Ul
R(l) up <6 0<uy<1-94 duO = 0.5—u Jtup?
0 o = 05
<up <1-— 5,
R, 0<u; <1-9 ug < 9 ) — 0-5—U1J12uz
R(lJQ up >1-9 ug >1—-140 0 OﬁJE;;u ’
0 = 05—J-"4—
RO < 6 < (5 J+u1’
N Y 1 0 = 05— J 2
= 1w
R% up >1-9 Uz < 6 0 0'5J+1—uu1’
0 = 05— 572
— _ Ul
R% up <0 ug >1—190 0 =05 1;7u+2m’
0 051

Table 5.1: List of differential-algebraic systems that approximate Eq. (5.1) in differ-
ent parts of the domain. The column gives the names of the regions. The superscript
lists the coordinates which are near 1, with 0 denoting the empty set. The subscript
lists coordinates which are near 0. For example, R? denotes that subregion with
u1 ~ 1 and uz2 =~ 0, and Rg the subregion where us2 is near 1, but u; is away from the
boundary. The middle column define the subregion explicitly. The right column gives
the approximating differential-algebraic system valid in that region

The same reduction can be applied to systems of arbitrary dimension. We next consider

the repressilator [14,64] which can be described by

du1 0.6 1—u1 Ul

— = 0. —u

dt J+1—ug 3J—|-U17

dug 1 —uq u2

— = 04 — 5.7
dt J+1—uo U1J—|-UQ7 ( )
d 1-—

&5~ 03 e B

dt J+1—us J 4+ us

The cyclic repression of the three elements in this network can lead to oscillations. Indeed,
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EXAMPLE PROBLEMS

system (5.7) supports oscillatory solutions over a large range of values of J. The domain
of this system, [0, 1]3, can be divided into 27 subdomains: 1 interior, 6 faces, 12 edges, and
8 vertices, with an approximating equation within each subdomain. The global approxi-
mation is obtained by concatenating these approximations across the different regions. We
demonstrate the validity of the approximation in Fig. 5.2. In particular, the numerically
obtained solutions to the full system given by Eq. (5.7), and the approximate solution

both exhibit oscillations. As mentioned before, solutions tend to be discontinuous at the

(@) (b)
u u2
0.45 . 0.45
0.025[ “ 7 0.025[ T
04 - 04 4
0.35 0.35 - |
0.3 0.3 -
0.25 0.25 -
0.2 0.2 -
0.15 0.15 -
0.1 0.1 -
0.05 0.05 -
or 0
—0.05 ‘ ‘ ‘ ‘ ‘ —0.05 ‘ ‘ ‘ ‘ ‘
0.6 0.7 0.8 0.9 1 0.6 0.7 0.8 0.9 1
U1 U1

Figure 5.1: Comparison of the numerical solution of Eq. (5.1) (dashed black) and the solution
of the approximate system as listed in Table 5.1 (solid colored) for two different values of J (
We used J = 1072 in (a); and J = 107 in (b).). The different colors denote the switching
behavior of the solution from one region to next. We used § = 0.01. Solution of the linear
approximation started in the region RJ (Initial value: w1 = 0.6,uz = 0.4), and as soon as us
became smaller than §, the region switched to RS and driving linear differential equation also
switched accordingly. It should be noted that the approximate solution is discontinuous. The
reason is that as soon as the solution crossed the horizontal line, uz = §, the solution jumped
(see inset) to the manifold, described by the algebraic part of the linear differential algebraic
system prevalent in the region R3. The solution finally stopped in the region R3.

intersection of two subdomains.
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(a) (b) (c)

0.8 0.8

0.6 0.6

0.4 04

0.2 0.2

ui

0 05 7 0 05 1 0 05 U2

Figure 5.2: Comparison of the numerical solution of Eq. (5.7) (dashed black) and the solution
of the approximate linear system (not explicitly provided) for two different sets of J and 4.
For (a)-(c) J = 1072, = 0.06; for (c)-(f) J = 107*,§ = 0.01. The approximate solution
changes color when switching between different subdomains. Note that the approximate solution
is discontinuous in general. The reason is that as soon as the solution enters a new region, the
solution jumps (see inset) to the manifold defined by the algebraic part of the linear differential
algebraic system corresponding to the new region.

5.3 (General setup

The approximations described in the previous section can be extended to more general
differential equations. Suppose we have n variable uy,ug, ..., up, (n > 2) whose evolution

is described by

dui
dt

1—ui
JzA—i—l—u,;

= (activation function) — (inhibition function)

yig (5.8)

where JiA, JZ-I are some positive constants. The initial conditions are assumed to satisfy
u;(0) € [0, 1] for all 7. The activation/inhibition functions that appear in Eq. (5.8) capture

the interaction of w; with other variables. We will define them to be non-negative. This
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will force the trajectories to stay inside the unit cube [0, 1]"(see Proposition 5.3.1).

Activation/Inhibition functions: Let W = [w;;] be an n X n real matrix. The entry
w;; of W gives the contribution of the j-th variable on the growth rate of i-th variable. If
w;; > 0, then w;; it will appear in the activation function for u;; and if w;; < 0 then —w;;

will appear in the inhibition function for u;. Therefore W represents a connectivity matriz.

Let b= [ by by ... by ]! be an n x 1 real vector. The entries b; represent the threshold
between the activation function and the inhibition function for w;. The value |b;| will
appear in the activation or the inhibition function for u;, depending on whether b, > 0
or b; < 0, respectively. To be more precise, we use the convention x* = max{z,0} and
x~ = max{—=z,0} for all x € R, and define the activation functions A; and the inhibition

functions I; as
n n
A; = Zw;;uj +bf, I = Zwi;uj +0b; . (5.9)
j=1 J=1
Using this notation, Egs. (5.8) take the form

dui 1 — Uy (%
= A _yy . 5.10
dt CTA - T (5.10)

The next result illustrates that the cube [0, 1]" is invariant under the flow of dynamical

system (5.10).
Proposition 5.3.1 The cube [0,1]|" is invariant for the dynamical system (5.10).

Proof: It will be enough to show that the vector field at any point on the boundary is
directed inward. Since, A;s and I;s will always take nonnegative values, we observe that

for any 1,

=A;—— >0, =
dt |,.—o JA+1 ™ dt

i u;=1 7
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This means that as soon as the solution reaches the boundary, it will be forced to move

inward. O

We can express Eq. (5.10) in matrix notation in following way: Let,

; t
u = |:U1 U - Un:| ’ W+ = [w;;]’ W = [w’g]’ b+ - |:b;r b; bj{:| 7
b_:[bl— by e bn:| , and
. 1—wu 1 —us L —up
F = d
(u) Zag(J{‘+1—u1’J§4+1—u2’ ’J;Z‘+1—Un>’
) U1 uz Unp,
e — d .
() mg(J{-i-Ul’JQI-FUz’ ’J{{"‘Un)

Then, we can write Eq. (5.10) in matrix form as

du

i Fu)WHu+b") — Gu)(W u+b7). (5.11)

For example, with the repressilator we have

0 0 -1 0.6
W={|-1 0 o0 and b= 04 |,
0 -1 0 0.3

and Jt=Jg =g =J =J) =J = J.

Linear approximation of Eq. (5.10)

We follow the reduction procedure outlined in Section 5.2. For notational convenience we
consider the case JZA = Jil = J, with J small and positive. The general case is equivalent.
Let § be some positive number which will be used to define the thickness of the boundary
layers, and which will depend on J in general. The division of the square [0,1]2, listed in

Table 5.1, can be generalized to the n-dimensional cube [0,1]™ as follows.
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Let T and S be two disjoint subsets of the set {1,2,...,n} and define

REL = {(ul,uQ, tin) €10,1]" |ug < foralls€S; u>1—6 forall t € T

and § <ug <1 -4 for all k:géSUT}.

Therefore, Rig corresponds to the part of the cube [0,1]™ where the coordinates ug, s € S
are close to zero; and the coordinates u;, t € T" are close to one; and all the other coordinates
are away from the extreme values zero and one. In Table 5.1, and in Egs. (5.2) and (5.4)
we used the above notation together with following conventions: R{ := Rg when S is

empty; RY = Rg when T is empty; and R := Rg when T', S both are empty.

The system of equations (5.10) is reduced to a different linear algebraic-differential
system within each region R%. We follow the reduction from Eq. (5.1) to Eq. (5.5) . For

i ¢ SUT we obtain the linear system

d i
i Zamuj + by (5.12a)

for s € S some of the non linear terms will stay and we get

n

d s _ - s
Us Zasju] +bf ] - Zasj“j + by J—lr—u ; (5.12b)
j=1 s

and for t € T we will have

dut
= Zatjuj+b+ J—l—l—ut Zat]uj—l—b : (5.12¢)
7j=1
Eq. (5.12) is simpler than Eq. (5.10), but it is not solvable yet. Following the reduction
from Eq. (5.5) to Eq. (5.6), we note that in the region Rg, ug, s € S are close to zero
and us,t € T are close to one. The first simplification we propose is to plug in these

approximate values of us and uy, i.e. us = 0 and u; = 1 in the activation and inhibition

functions appearing in Eq. (5.12). The second simplification comes from the fact that
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boundary of [0,1]" is inflowing and the Rg is thin. Therefore, when wug,u; are near the
boundary, their derivative must be small (this is justified below). Thus it makes sense to
assume that coordinates us for s € S and u; for t € T are in steady state. With these two

simplifications Eq. (5.12) takes the form

du;
= 2 ) et igSUT
j¢sur jer
(5.13a)
u
0= > afu;+Y af+bf — [ Y aju;+> ag+b; J+s ; sE S,
j¢SuT teT j¢SuT teT Us
(5.13b)
1-— Ut _ — —
0=—{ > afu;+> af +bf et > agui+ > ag+by teT.
j¢suT JET jesuT JjET
(5.13c¢)

Eq. (5.13) is completely solvable since Eq. (5.13a) is linear and decoupled from boundary
variables. Furthermore, Eqgs.(5.13b) and (5.13c) are solvable for us and u;, respectively, as

functions of the solution of Eq. (5.13).

Finally we justify our claim that the variables that are close to the boundary can be
assumed to be in steady state. We define the following new variables to “magnify” the

boundary region.

s = for se€S, (5.14)

U = 1}1“ for teT.
Using Eq. (5.14) in Eq. (5.12) we get:

Fori¢ SUT

dCZ: _ Z aiju; + Zaij +J (Z Gislly — Z%t@t) +b;; (5.15a)

j¢suT JjeET SES teT
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and for s € S, we have

dets: Z ajjuj—{—Za:t—&—J Zazgﬂj—Za;ﬂt —i—b;‘

je¢sur teT jes teT
— — - Us + ~ + ~ Us
S D DIED SreRu S RIS D STIRD Sy tr) ey
. 1+ us . 1+ g
j¢SuT teT jes teT
(5.15b)
and similarly, for ¢ € T, we have
duy + + + Uy + + Ut
J%:_ Z atjuj+zatj+bt 1+at_‘] ZatsuS_Zatjuj 1+ ay
jgsur JET s€S jeT

D agui T Y ag b+ Y ekt~ ali . (5.15c¢)

JgsuT JET seS JET
Note that Eq. (5.15) exactly has the form of Eq. (1.1), with w;, i ¢ SUT as the slow variable;
and tUs,s € S and wu,t € T as the fast variables. Therefore, following the discussion on
the GSPT (see Chapter 1), for small J we can approximate the Eq. (5.15) by plugging in

J =0 in Eq. (5.15). Doing that yields the following differential-algebraic system.

du; ,
G 2 Gt D ai+ b ¢ SUT;
j¢SUT JET
(5.16a)
_ L U
0:'2 ajjuj—l—Za;—i-bj— Z asjuj+2ast+bs 1+Sﬂs’ s €8,
Jj¢surT terT JjESuUT teT
(5.16b)
Uy _ — -
0=— Z a:;uj+2a$~+bzr 1+ﬂt+ Z atjuj+2atj+bt, teT.
JgsuT JET j¢sur jeT
(5.16¢)
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Normal hyperbolicity of the slow manifold defined by Egs. (5.16b) and (5.16c¢):

Before we can safely conclude that Eq. (5.16) is a valid reduction of Eq. (5.15), we still need
to verify one more requirement of the theorems of the GSPT. That is, the manifold to which
the dynamics is being reduced must be asymptotically stable. In the present scenario this
means that the manifold defined by Egs. (5.16b) and (5.16¢) has to be normally hyperbolic

and stable. We show next that this additional requirement is easy to verify.

Let o = {u;,,...,u;, } where {i1,...,im} = {1,2,...,n}\(SUT), be the coordinates of
u which are away from the boundary, and denote the right hand side of Eq. (5.16b) by
F(a,u;,), for all s € S. i.e.

n o~ _ _ _ u
Fo(,@,) = ) afuj+ ) ah+05 — | Y agui+ ) ag+b 1+Sa ‘
JjgsuT teT jESuT teT s

Then, clearly we have

OF, ~ o 1 \? 0
= — a_.U; + a. +
o, PRSUED LA 1+ i

j¢SuUT teT

for all s € S. Similarly, by denoting the right hand side of Eq. (5.16¢) by G¢(u,;,), for all

tefT. ie.
Ao + + + Uy - - -
Gi(t, G;,) == — Z Ay Uj + Zatj + b 1+ + Z Gyt + Zatj +b;
jgsuT JET JgsuT JET
we see that
aGt + + + 'at 2
o Z atj“j+zatj+bt 1+ <0
¢ j¢suT JjeT

Hence, the manifold defined by Egs. (5.16b) and (5.16¢) is normally hyperbolic and stable.
This completes the proof of the claim that, for small J, the variables us, s € S and u, t € T
can be safely assumed to be in steady state in Eq. (5.12). Hence the reduction of the non-

linear system (5.10) to a solvable system (5.13) is justified if J is very small.
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5.4 Discussion

A special class of non-linear differential equation was studied. The non-linear terms in-
volved were like Hill functions. We showed that if the Michaelis-Menten constants are
small enough then the non-linearity of the system can be circumvented by appropriate
linear systems. This induces a natural decomposition of the domain into a nested sequence
of hypercubes. Example problems were worked out and mathematical justification through

the geometrical singular perturbation theory was discussed.

A potential limitation in our arguments is that we have an approximation with is valid
only in an asymptotic limit. Another major limitation of our analysis is that we have
not provided a systematic relationship between the thickness of the boundary, §, and the
Michaelis-Menten constant, J. Intuitively we believe that § should go to zero as J goes to
zero, but more research is required to make this relation more concrete. Also, more study
needs to be done to approximate the error induced in the system by the replacement of

non-linear terms with unity.
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Appendix

The Law of Mass Action

Consider an elementary chemical reaction

k
aA+ b0 B = byB + pP, (A.1)
k_1

where a, by, ba, p are positive integers and A, B, P are molar concentration of some chemical
species, and k1, k_1 are reaction rate coefficients. For this reaction, the the Law of Mass
Action states that the rate of change of each of the reactant or product is governed by
the following rules:

The contribution from the Forward reaction:

1A _ 1 dp_1dp

k1 ACBY = = — == A2
! adt bo—b dt pdt (A-2)
The contribution from the Backward reaction:
1dA 1 B 1dP
k_B>2pP = ldd _ B _ _1d (A.3)

adt  by—by dt  pdt

99



The final differential equation to model the concentration of different chemical involved in

reaction (A.1l) is obtained by adding the contribution from Eq. (A.2) and Eq. (A.3)

dA
o= —k1aA*B" + k_aB* PP,

B

= kb= b)A B k(b — b)) B P,
%3 — kipA.B" — k_pB" PP,

Similarly, if the reaction is broken into more than one elementary reaction, rate of
change of each reactant/product can be calculated from individual elementary reaction

and finally added. Here is an example.

Complex reaction

Complex reactions are chain of elementary reactions. So, the Law of Mass Action can be

applied on individual steps and added. Consider the following two stage reaction.

k

@A+ B = bB+ed, (A.4)
k_1
ko

A+ cC = eE+ fF, <A5)
k_2

Then, by applying the Law of Mass Action in each of the above step and in each direction,
we get:

From forward direction of (A.4),

1 dA 1 dB 1dC
fAnph — -2 - %2 2T
! ap dt by —by dt ¢, dt’

from backward direction of (A.4),

ldd_ 1 dB__1dcC
aldt_ bg—bldt_ Cldt7

k_Bb2C =

from forward direction of (A.5),

1dA__1dC_1dE_1dF

fp A2 = __ 14 _laeb 1adb
2 as dt o dt  edt fdt’
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from backward direction of (A.5),

1dE  1dF 1dA 1dC
€ f = ————— = —— = — —
oo BT e dt fdt  aydt ey dt’

From these we can write down the dynamics of the whole reaction as

% = —ka A" B + k_1a1B2C% — kyag A% + kLQCLzEeFfa
Cil—f = ki(bg — b1)A" B" — k_y(by — b)) B»2C*,

% = kictA"B" — k_1c;B2C — kycy A C + k_ycy E°FY
%f = koeA®C® — k_geE°F,

% = kofA®2C® — k_ofE°FV.
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Appendix

Differentiation with respect to a matrix

The theory of differentiation with respect to a matrix is described in [42]. Suppose M =

[Mq1:My:...: My]is am x n matrix, where M ; is the jth column of M. Then define
M
Mo L —
vec (M) := e CmmYy and M := diag(vec(M)) € Cm™xm,
M,

Therefore, vec (M) is obtained by stacking the columns of M on top of each other, and M

is the mn x mn diagonal matrix whose diagonal entries are given by vec (M).
Suppose G : CP*? — C™*" is a matrix valued function with X € CP*? — G(X) €
C™>™_ Then the derivative of G with respect to X is defined as

0G _ dvec(G)
0X = dvec(X)’

where the right hand side is the Jacobian [42]. Below we list some important properties

of these operators as they relate to differentiation with respect to a matrix. Proofs can be
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found in [42].

Theorem B.1 ([47,58]) For any three matrices A, B and C' such that the matriz product
ABC is defined,

vec (ABC) = (C* ® A) vec (B).
Theorem B.2 ([42]) For any two matrices A and B of equal size
vec (A * B) = Avec (B) = Bvec (A).

Theorem B.3 (Product rule[42]) Let G : CP*?7 — C™*" and H : CP*9 — C"™*™ be two

differentiable function then

dvec (GH)
0 vec (X)

dvec (G)
dvec (X)

dvec (H)

=(H'®I,) Dvec (X)

+ (I, ®G)

Theorem B.4 (Hadamard product rule [42]) Let G : CP*9 — C™*" and H : CP*1 —

C™*™ be two differentiable functions then

dvec(X) E)vec(X)+ dvec (X)

Ovec(G+xH) = Odvec(Q) é8vec(H)
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Appendix

Some Linear Algebra results

These results were discovered while we were trying to prove the stability of Jacobian ma-
trix that came up in the system of coupled Michaelis-Menten reaction in Chapter 4 (see
Eq. (4.4)). We have not used these in the main part of the thesis, but these might still

interest the reader.

Lemma C.1 If Y € R is a column vector with positive entire , V.= [11--- 1]t is a
column vector of size n with all entries as ones and A € Rﬁxn diagonal matrixz with all

positive entries in the diagonal then the n x n matrix
D=YV'+A

has only real eigenvalues.
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Proof: Let,
(1 A1

Y2 A2

Yn An

And let A = a + ib be an eigenvalue with b # 0 and choose corresponding eigenvector

V1 r1 + 151
_ V9 ro + 189
V prm— =
Un, Tn + 18y,
such that
n
> =1 (C.1)
k=1

By the definition of eigenvector and using (C.1) Vk € {1,2,...,n} we have
Yk + Akvk = Avg.
So

e = (A= Ak
= ((a—Xg) +ib) (1 + isk)

= ((a—Ap)rk —bsg) +i((a — Ag)sp + br) . (C.2)
Since yj is real and b # 0 we can set the imaginary part to zero and solve for 7y

(CL - )\k)sk +br, = 0, (C3)

Ty = —(a - )\k)ﬂc (04)
Pluggin this in (C.2) we get
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e = — ((a = \e)2 + ) %’f (C.5)

Since yi > 0, equations (C.3),(C.5) together implies that all the entries of eigenvector have

nonzero real and imaginary parts.

Now by (C.1) we have >}, s = 0. Which implies that for some ko, s% > 0. Which
will imply that yz, < 0 which is a contradiction on the assumption that Y has positive

entries.

Hence A must be real. 0O

Lemma C.2 If Y € R"™! is a column vector with positive entire , V.= [11--- 1]t is a
column vector of size n with all entries as ones and A € R*™ diagonal matriz with all

positive entries in the diagonal then the n X n matriz

D=YV'+A
has only positive eigenvalues.
Proof: Let, ) ) ) )
(0 A1
Y2 A2
Y = , A=
Yn An
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By lemma (C.1) we know that D can have only real eigenvalues. Let, if possible, A < 0 be

a negative eigenvalue and choose corresponding eigenvector

U1

V2

<
I

such that
> =1 (C.6)
k=1

and vg, k € {1,2,...,n} are real (we can do this separating the real and imaginary part of

any eigenvector as long as the eigenvalue is real).
Now, by the definition of eigenvector and using (C.6) Vk € {1,2,...,n} we have
Yk + Agvk = Avg,
Y = ()\ — )\k)vk- (C7)

But since A < 0 and \; > 0, (C.7) would imply that vy < 0Vk € {1,2,...,n} which will be

a contradiction to (C.6). So A can not be negative. [

Lemma C.3 Suppose Z € ]R%F"X1 1s a 2n dimensional vector with positive entries; ¥ €
R’}er is an n dimensional vector with positive entries; I, Iopn, I5,2 s identity matrices of
order n,2n,2n?, respectively. Assume further that R, and R, are row vectors of size n

and 2n respectively with all entries equal to 1. Then the 2n? x 2n? matric
J :=(ZRoy @ Ip)) + (Ion ® YRy,) + Iy,2 (C.8)

has eigenvalues with strictly positive real parts.
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Proof: The first thing to note is that the terms on the right hand side of Eq. (C.8)

commute:

(ZRop ® I))(Ion @ YRy) = (ZRonlan) ® (I, Y Ry)

and obviously

(ZRan @ In)Iop2 = Ipp2(Z Rop @ 1),
(Ion @Y Ryp) Loy = Ippp (Ion @ Y R) @ I,).

We next show that each term of the right hand side of Eq. (C.8) has non negative eigenvalue.

Lets focus on (ZRa, ® I,) first. By a property of tensor products, we have

0(ZRyn ® I,) = 0(ZRap), (C.9)

where with o(A) we mean the spectrum of the matrix A. Let

zZ1 U1

z2 Y2
Z = and Y =

29n Yn

We see that Z R, is a rank one matrix and has one positive eigenvalue 21221 z;, because

21 Z1 e Z1 Al Al

z9 Z9 e Z9 z9 Z9

Z2n R2n ... R2n Z2n Z2n
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Hence, all the other eigenvalues of Z Ry, will be zero. Hence Eq. (C.9) implies that

2n
0(ZRoy ® I,) = {Z zi,O} .

=1

Similarly,
n
i=1
And obviously

J(I2n2) - {1}

And now we invoke a linear algebra property that, since the terms in the right hand side

of Eq. (C.8) commute, we get (with a slight abuse of notations on addition of sets)

o(J) = o[(ZRay ® Ip,) + (Ion @ YRy,) + Io,,2]

C 0(ZRawm ®I,) + 0(l2n @Y Ry) + 0(Ig,2)

2n n
= {Zzi,()} + {Zyi,O} +{1}
i=1 i=1

2n n 2n n
= {171+Zzi71+zyiazzi+zyi} .
=1 =1 =1 =1

This implies that J has all positive eigenvalues. This concludes the proof. [
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